Electron-Beam Cure of High-Temperature Resistant Polymers. by O'Gara, Paula M.
Electron-Beam Cure of 
High-Temperature Resistant 
Polymers
Paula M. O’Gara BSc(Hons) AMRSC
A thesis submitted in partial fulfilment of the 
requirements for the degree of Doctor of Philosophy in 
the School of Biomedical and Life Sciences
March 2003
ProQuest Number: 27696241
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 27696241
Published by ProQuest LLO (2019). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLO.
ProQuest LLO.
789 East Eisenhower Parkway 
P.Q. Box 1346 
Ann Arbor, Ml 48106- 1346
Tor my husdandMar^ witfi aCCmy Cove...
“‘We aCC ta^e such pains to over-ecCucate ourseCves. In the 
wihf struggCe fo r  existence, we want to have something 
that endures, and sofiCC our minds with ruhhish and facts, 
in the sidy hope ofh§eping our place. ”
T'lie (picture o f (Dorian Qray, Oscar ^ iùPe
Abstract
Much interest has been shown recently in using electron-beam (e-beam) processing to 
cure polymers and composites. Attempts to cure phenylethynyl end-groups with 
e-beams are reported. The synthesis of a novel phenylethynyl-terminated 
polydimethylsiloxane (PET-PDMS) by reaction of 4-phenylethynylphthalic anhydride 
with an amine-terminated siloxane is described and the resin shown to be susceptible 
to e-beam cure, in contrast to the commercial phenylethynyl-terminated resin, PETI-5, 
which is not. Crosslinking via the ethynyl bond and scission of the siloxane chain is 
observed. PET-PDMS cures at 325 °C and Raman spectroscopy indicates that the 
thermal and e-beam cure mechanisms differ. PET-PDMS demonstrates some success 
as a reactive diluent in the e-beam cure of PETI-5.
To understand the e-beam cure mechanism of the phenylethynyl end-group, blends of 
PETI-5 with an amine-terminated siloxane, and with a siloxane with an unreactive 
end-group are studied. Whilst the latter does not initiate curing reactions in PETI-5, 
the former results in total ethynyl loss after a two-hour exposure. The amine is 
thought to accelerate radical reactions during irradiation. Irradiations involving the 
unreactive siloxane, simple amines and PETI-5 do not result in ethynyl loss, possibly 
due to poor siloxane solubility.
Attempts to repeat these experiments on an industrial-scale are unsuccessful. The 
products of irradiation differ from those obtained on the laboratory-scale apparatus, 
revealing the importance of irradiation conditions on the e-beam cure mechanism of 
phenylethynyl-terminated resins.
A maleimide-terminated polydimethylsiloxane (MT-PDMS) is synthesised from the 
reaction of maleic anhydride and an amine-terminated siloxane and appears to 
undergo structural changes on e-beam irradiation. Although Raman spectroscopy of 
the cured material is inconclusive, multivariate analysis of the data indicates 
crosslinking and siloxane cleavage are occurring. The thermal and e-beam cure 
mechanisms of MT-PDMS appear to differ. MT-PDMS causes changes in the e-beam 
behaviour of a commercial bismaleimide, though the nature of this effect is uncertain.
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Chapter 1 Introduction
1.1 Overview
High performance polymer matrix composites are becoming increasingly popular and 
are replacing more traditional materials in many applications. Conventionally, cure of 
these polymer matrices is achieved thermally within large autoclaves, but much 
interest has been shown recently in the possibility of using high-energy electron- 
beams (e-beams) to initiate the cure reactions of resins, particularly for use in the 
aerospace industry. In this chapter, the relative merits of the e-beam technique will be 
discussed, together with its potential applications and a consideration of the resins 
that show, or have shown, potential for e-beam initiated crosslinking.
1.2 Composites
1.2.1 What are composites?
Composite materials consist of a large number of strong, stiff fibres (known as the 
reinforcement) embedded in a continuous phase of a second material, called the 
matrix\ Examples of composites can be found in nature, though they are generally 
more susceptible to damage than man-made composites. Wood, for example, consists 
of cellulose fibres in a lignin matrix^ and is vulnerable to biological attack. The role 
of the matrix in the composite is essentially to transfer and distribute incoming loads 
to the fibres that are able to sustain them. The matrix is mechanically much weaker 
than the reinforcing fibres, having strengths and stiffnesses an order of magnitude 
lower^. They are, however, well able to transfer forces to the reinforcing fibres by 
shear at the interface'^. It should be remembered that the fibres alone are useless as 
engineering structural materials, except as, for example, braided ropes. Although able 
to resist tensile forces, they have poor properties in compression, torsion or bending. 
However, the resulting composites have properties approaching those of steel and are 
invaluable structural materials^. It is evident that both reinforcement and matrix are 
essential for the system to work.
1.2.2 Types of reinforcing-fibre used in polymer-matrix composites
The most commonly used fibres in advanced polymer-matrix composites are the 
carbon fibres. This ‘popularity’ is primarily due to their high specific strengths and 
moduli, their retention of properties at high temperatures, their resistance to moisture 
and numerous solvents at room temperature and their acceptable production costs, 
which make them ideal fibres for use in the aerospace industry^. Aromatic polyamide, 
or ‘Aramid’, fibres are also used in the aerospace industry as they possess a high 
resistance to impact damage. Aramid fibres, commercially known as Kevlar, do have 
the drawbacks of being moisture absorbing and of being sensitive to ultraviolet (UV) 
radiation, which restricts their application somewhat^. Boron fibres, though expensive 
to produce, are used in the aerospace industry because of their ability to withstand 
high compressive forces. They have a low relative density, making weight savings 
possible, and a high Young’s modulus, although they are only moderately strong^. For 
applications where only moderate stiffness of the fibre is required, the high strength 
of glass fibres, together with their low coefficient of thermal expansion and low cost, 
makes them ideal. It is necessary to coat the glass fibre in order to protect it. This 
coat, known as the size, is necessary since even the tiniest scratch will cause fracture 
to occur at considerably lower stresses than would occur without scratching^.
1.2.3 Examples of polymer matrices used in polymer-matrix composites
Among the most commonly used and least expensive polymer resins used in polymer 
matrix composites are the polyesters, which are used mainly in glass fibre-reinforced 
composites. One of the drawbacks of these resins is that they do not bond well with 
the fibres, so they are not generally used for high-performance composites^. The most 
common resins used in conjunction with carbon or Aramid fibres, frequently for high- 
performance applications, are the epoxies. These are more expensive and have better 
mechanical properties and moisture resistance than the polyesters or vinyl esters and 
are used extensively in the aerospace industry^. Polyimide resins are often used in 
composites intended for high-temperature applications, and can have continuous 
service temperatures of around 280-315 °C However, polyimides are expensive and 
require long curing cycles. Finally, high-temperature thermoplastic resins, including
polyetheretherketone (PEEK) and polyetherimide (PEI) can be used as polymer 
matrices. PEEK matrix composites, for example, have good strengths and a high 
resistance to failure under impact^.
1.2.4 Advantages of composites
Advanced composites offer a number of advantages over more conventional materials 
such as metallic alloys. One of the most significant advantages is their high strength- 
to-weight and stiffness-to-weight ratios, which allows substantial weight savings in 
structures to be achieved. Other advantages include good resistance to environmental 
degradation and corrosion, reasonable damage tolerance, excellent fatigue life, a low 
coefficient of thermal expansion and relatively easy repairability of damaged 
structures^. In addition, the ability to manufacture complex shapes at low cost, 
together with time and cost savings on tooling and manufacturing of prototype and 
short length production runs, means that advanced composites offer cost reductions 
over more conventional materials^.
1.3 Processing of polymers and composites
1.3.1 Conventional curing techniques
Conventional curing of thermoset polymer matrix composites normally requires two 
elements, heat, to activate curing in the matrix, and pressure, to consolidate the 
laminate being moulded^. There are a number of techniques available including 
autoclave moulding, compression moulding and filament winding.
By far the most common method employed for the processing of large parts, such as 
those for the aerospace industry, is autoclave moulding. The autoclave is basically a 
large, heated pressure vessel capable of generating pressures of several atmospheres. 
The process produces polymers of high quality with minimum void content. However, 
the cost of the equipment is high and the relative output is low, so the use of the 
autoclave process is generally restricted to the high cost markets where high quality is 
vital^.
There are a number of disadvantages associated with thermal cure, including the 
problem of thermal mismatch between tooling and sample. Other disadvantages 
include the high energy consumption of the process (and therefore high cost), the 
need for expensive tooling and the often high resin shrinkages observed during cure^.
1.3.2 Radiation processing
Radiation processing is the large-scale production or modification of materials by 
ionising radiation. It has found many useful industrial applications including polymer 
modification by crosslinking or scission, sterilisation of medical supplies, curing of 
coatings and destruction of pathogens in sewage^®.
Perhaps the most successful application of radiation processing is the crosslinking of 
polymers for various applications. The most common radiation sources employed for 
this purpose are X-rays, UV light and high-energy e-beams. X-rays have a 
considerable penetration depth of up to 30 cm in a composite, compared with only 2.5 
cm penetration depth for a 10 MeV electron beam^\ However, the low dose rate of 
the X-rays means they have curing times approximately 60 times longer than those of 
e-beams. Accordingly, X-rays are generally used to cure thick samples, thinner 
samples being cured by the much faster e-beam process.
The e-beam dose rate has an effect on the degree of cure. The higher the dose rate, the 
higher the degree of crosslinking and therefore the higher the glass transition 
temperature (Tg) in the resultant polymer^^. An additional advantage of high dose 
rates includes the ability to cure the resin in the presence of oxygen. Oxygen has the 
ability to inhibit crosslinking by reacting with the free radicals produced during 
irradiation. At high dose rates, however, the oxygen is unable to diffuse into the 
material at a speed sufficient to inhibit curing significantly^.
In addition to X-rays and e-beams, irradiation with UV light has also been used to 
initiate curing in polymers. The application of UV initiated cure is restricted to uses 
such as the curing of polymer coatings and films, since the penetration of the
radiation is very limited^ \  Curing with UV also requires a photoinitiator to begin 
crosslinking reactions
Cation beams have been shown to initiate crosslinking and enhance hardness in 
polystyrene^^, and this offers some confidence that it may be possible to cure 
polymers with proton beams. However, this approach is highly speculative and little, 
if any, research has been done in this area.
The use of electron beams to initiate curing reactions is a process that has already 
been examined in North America^" ’^^  ^ and France^\ The e-beam processing technique 
employs high energy electron beams to initiate crosslinking and polymerisation 
reactions in suitable composite matrices. The types of reaction that can occur on 
irradiation with e-beams are illustrated in Figure 1.1.
• Monomers, Oligomers — xx-> Ions, Free radicals Polymers
• Polymers — xx—> Ions, Free radicals Cross-linked polymers
• Polymers — xx-> Ions, Free radicals -> Degraded polymers
(— xx ->  = E-beam irradiation)
Figure 1.1 Types of reaction that can occur on e-beam irradiation of monomers,
oligomers and polymers
1.3.2.1 An introduction to radiation chemistry
When radiation passes through matter, its energy is transferred to the molecules of the 
absorbing medium. The primary processes resulting from this irradiation include 
ionisation, excitation and neutralisation and are summarised in Figure 1.2.
M — M* (excitation)
M — + e" (ionisation)
^  A"^ ' + B' 
C+ + D
(ion dissociation)
M"*" + e ■ M** (neutralistion)
^  A- + B*
A* and A**
C + D
(dissociation)
Figure 1.2 K  summary of the primary processes resulting from 
the initial interaction of radiation with matter.
As can be seen from Figure 1.2, the initial interaction of radiation with matter 
produces charged and excited species. However, the majority of radiation induced 
chemical changes are a result of secondary reactions that take place as a result of the 
interaction of the products produced in the primary processes. These primary events 
are not evenly distributed throughout the medium, but are found in high 
concentrations along the tracks of the ionising radiation in spurs. A schematic 
representation of the presumed distribution of primary events in an irradiated 
substance is shown in Figure 1.3. The high local concentration of these primary 
processes means that recombination reactions are favoured. Thus, the electrons 
rejected in the ionisation step of Figure 1.2 stay within close proximity of the parent
The texts used to obtain the background for this section are referenced in the bibliography at the end o f  Chapter
1.
ion and will rapidly recombine to produce highly excited species. These highly 
excited species (M**) will quickly dissociate into free radicals and it is these free 
radicals that are the reactive species in any subsequent chemistry.
Trackproduced by ionising radiation
Figure 1. 3 Schematic diagram of the distribution of primary processes along the track 
of the ionising radiation in an irradiated substance.
The main reactions of free radicals are abstraction, combination, disproportionation, 
addition, decomposition and rearrangement (see Figure 1.4). Abstraction, also known 
as a transfer reaction, involves the transfer of a species (usually a hydrogen or halogen 
atom) from one molecule to another. In radical polymerisation reactions,  ^this results 
in the reactive centre being transferred from one polymer chain to another. 
Combination reactions involve radicals combining to produce a stable molecule. 
Combination of atoms generally requires the presence of a third body to absorb the 
excess energy, thus preventing the atoms from dissociating again. This third body is 
not required with polyatomic species as the excess energy can be taken up by the 
molecules themselves. Disproportionation reactions result in the formation of two 
stable molecules, one o f which is more saturated than the other. Disproportionation 
can compete with combination reactions, with the latter usually dominating due to its 
slightly lower activation energy. Addition reactions involve the addition of radicals to 
unsaturated molecules to form new radicals. These are important reactions and form
enough energy is supplied to overcome the activation energy. Finally, rearrangement 
of reactive radicals can occur in order to produce a more stable radical. Groups that 
can migrate include phenyl, halogen, methyl and hydrogen. Phenyl migration is 
illustrated in Figure 1.4.
CHy + ^  CH4  + C2 Hg' (Abstraction)
CHg" + C2 H '^ C3 H3 (Combination)
CHy + C^Hy -----^  CH4  + C2 H4 (Disproportionation)
CHj- + C2 H4 ------ "  CgHy (Addition)
CjIIj' C2 H4  + H' (Decomposition)
PhjC-CHj- ------ ^  Ph2 C-CH2 Ph (Rearrangement)
Figure 1.4 The principal reactions of free radicals, illustrated using specific examples
Radicals produced by irradiation can behave differently to those produced by thermal 
reactions and often have an excess of thermal energy. Radiation produced radicals, for 
example, are less likely to be influenced temperature than thermally produced 
radicals.
1.3.2.2 Modification of polymers by radiation: Crosslinking versus Scission
As can be seen from Figure 1.1, polymers either undergo crosslinking or degradation 
on irradiation. The overall effect of crosslinking is to increase the molecular weight of 
the polymer. A branched polymer is gradually formed with increasing doses until a 
three-dimensional network is formed in which polymer chains are linked to one 
another. In degradation however, the polymer undergoes chain scission, such that the 
molecular weight decreases with dose. Crosslinking and degradation are shown 
schematically in Figure 1.5. The dominating process is generally determined by the
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chemical structure of the polymer. Polymers of the crosslinking type include 
polyethylene, polystyrene and polysiloxanes. Polymers that primarily undergo 
degradation include poly(methylmethacrylate) and cellulose. A change in irradiation 
conditions can sometimes shift a crosslinking polymer into the degradation category 
and vice versa. For example, Takashika et al. have demonstrated that polystyrene 
predominantly undergoes crosslinking when irradiated at room temperature, whilst 
chain scission dominates at elevated irradiation temperatures^^. Similarly, Oshima et 
al. have shown that polytetrafluoroethylene, a known chain scission polymer, 
undergoes crosslinking when irradiated around the melting temperature of the 
polymer^^.
-xx-> I Cross-linking
-xx-> Degradation
Figure 1.5 Schematic representation of the effect of irradiation on polymer chains 18
1.3.3 Advantages of electron-beam processing
E-beam processing offers many advantages over conventional thermal curing, many 
of which are due to the near-ambient temperature of the process. For example, the 
problem of thermal mismatch is overcome with e-beam processing. During a thermal 
curing cycle, the tooling materials required to control the shape and dimensions of the 
composite part expand and contract, frequently at a different rate and extent to the 
product. It is also found that during cooling, the matrix usually contracts to a different 
extent than the reinforcing fibres. These effects combine to create dimensional 
changes in the component that result in internal stresses though this effect can 
sometimes be overcome with the use of composite tooling. The near-ambient 
temperature of the e-beam process means that the internal stresses associated with 
these dimensional changes are reduced. Although there is some local heating due to
the energy of the e-beam, it is not a great problem and can be controlled. Indeed, 
reduced internal stresses in electron-cured composites have been demonstrated by 
Singh et al
The low temperatures of the e-beam process allow better material compatibility, such 
that products containing temperature-sensitive materials, such as honeycombs and 
foams with low melting point polymers, can be electron-beam-cured without causing 
dimensional distortions^" .^ Such combinations are often difficult, or impossible, to 
cure thermally. Furthermore, e-beam curing permits better material handling than 
conventional thermal cure processes allow. Firstly, the ability to handle the electron- 
beam-curable resins at room temperature makes the fabrication of products and 
prepreg preparation easier and is a distinct advantage^" .^ Another factor in which e- 
beam curing exhibits an advantage over thermal cure is the ability to fabricate parts 
requiring different doses to be processed one after the other, unlike thermal curing 
where the contents of the autoclave must all have the same curing cycle^®.
Rapid curing times are another distinctive feature of e-beam processing. Work by 
Aerospatiale, for example, has shown that ionisation curing of a filament-wound 
component ( 2  m diameter, 2  m long) takes less than 8  hours, compared with around 
100 hours by the conventional thermal process^ \  This reduction in the manufacturing 
cycle of at least 4 days makes the process extremely productive. In general, curing 
times of minutes are achievable with e-beams.
Additional benefits arise from the electron-curable resins themselves. Since most 
electron-curable resins will not auto-cure at room temperature, low temperature 
storage is unnecessary, in addition to which, e-beam curable resins have considerably 
better pot lives than thermally curable resins. Conventionally-made prepregs have pot 
lives of only a few months, whereas electron-curable cationic epoxy prepregs can be 
kept indefinitely at room temperature, providing exposure to sunlight and ultraviolet 
light is avoided Furthermore, e-beam cure of these resins drastically reduces the 
production of hazardous volatile degradation products associated with the thermal 
cure process, although small amounts of common gases such as hydrogen, carbon 
dioxide and methane may be produced
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One of the most significant advantages offered by e-beam processing is the reduced 
operating costs, notably the large savings in energy costs. Estimates have consistently 
shown that cost savings of 20-65% are achievable, depending on the part being 
manufactured^^. A significant economic advantage of e-beam processing over 
autoclave cure is the greatly increased throughput, which results in a lower curing 
cost on a per kg basis^^. Lower tooling costs for e-beam cure are also seen, since, 
owing to the low temperature of the process, tooling other than steel can be used^ "^ . In 
general, the capital cost of an e-beam accelerator, combined with the required 
shielding, dosimetry facilities and materials handling equipment, is similar to the cost 
of a standard autoclave oven, yet the throughput of the e-beam facility is about 50 
times higher^^.
Interestingly, e-beam curing produces materials with properties different from those 
exhibited by their thermally-cured counterparts, presumably due to scission 
competing with cure. In particular, e-beam-cured matrices can show markedly 
different glass transition temperatures (Tg) compared to equivalent thermally-cured 
materials. In general, the e-beam-cured materials have lower TgS than those cured by 
the thermal process, although they are higher than the cure temperature^"^. There have 
been cases, however, where the e-beam-cured resin has a higher Tg than the 
thermally-produced material, whilst maintaining good mechanical properties'^.
Finally, e-beam processing can be combined with many of the traditional fabrication 
methods, including filament/tape winding, resin transfer moulding, pultrusion and 
hand lay-up. Filament/tape winding, in particular, is well suited to e-beam processing 
as it requires little or no external pressure and the high winding rates can make 
efficient use of the available energy^^. The industrial production of filament-wound, 
carbon fibre-reinforced motor cases for aerospace applications using radiation 
processing has been made possible^^. The ability to cure during winding, if so desired, 
can increase productivity and is an additional advantage of e-beam cure.
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1.3.4 Challenges for e-beam technology
There are, however, still some challenges to be overcome by e-beam technology. In 
particular, because of the relative newness of the technology, the availability of 
electron-beam-curable resins is limited. The epoxy formulations currently used in the 
aerospace industry are unsuitable for e-beam curing and the acrylated epoxies that are 
radiation curable are only commercially available in a much smaller selection^®. In 
addition, extensive testing is required to produce e-beam-curable matrices that are 
truly equivalent to thermally-processed materials, though the strict criteria required 
for the aircraft industry may not apply to composites in less demanding 
environments^.
1.4 Applications for electron-beam technology
The main area of interest for e-beam-cured composites is for application in the 
aerospace industry. The advantages offered make it a potentially desirable technology 
for use in spacecraft, aircraft, missiles and launch vehicles, although there are still 
points to be addressed (see paragraph above)^^.
There is a need for novel materials designed specifically for use in space, low earth 
orbit (LEO) and high altitude environments. Acrylates, for example, generally have 
low TgS and high void content, which make them unsuitable for high performance 
applications. Epoxies, on the other hand, have higher TgS and a low void content, but 
unfortunately have a higher moisture absorption than is desirable for space 
applications.
The requirements for a matrix resin for use in space include high Tg, low moisture 
absorption, low out-gassing and low void content. These criteria are already met by a 
thermally cured system based on cyanate ester trimérisation, but it has not shown any 
indication of e-beam processability. Accordingly, Adherent Technologies have been 
pursuing combinations of resins and sensitisers that will allow electron processing of 
cyanate esters and related propargyl fiinctionalised resin systems^^. In their initial
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experiments, these resins show great potential for use in e-beam manufactured 
structures for space applications.
Epoxy resins would be ideal materials for use in space, but unfortunately suffer like 
most polymers when exposed to the atomic oxygen flux in LEO and undergo rapid 
erosion^^. Interest has been shown in self-healing characteristics and chemistries of 
polymers that leave a protective barrier for the remaining composite material and 
Walton and Crivello have recently developed electron-beam-curable epoxy- 
functionalised siloxane (EPS) resin formulations that are resistant to atomic oxygen 
and show good mechanical and physical properties, including high impact strength, 
minimal out-gassing and low shrinkage^^.
Much research has been, and continues to be, carried out in the field of e-beam 
processable composites for aerospace applications. The potential uses of this 
technology are manifold, from the e-beam cured side armour skirts of the United 
State’s (US) Army’s Composite Armoured Vehicle (CAV)^^ to the investigation of 
the e-beam fabrication of a windscreen frame/ arch for a US air force T-38 Talon 
supersonic jet^^. Layer-by-layer e-beam curing is currently being considered for the 
fabrication of cryogenic tanks for National Aeronautics and Space Administration’s 
(NASA) reusable launch vehicle (RLV)^^. Layer-by-layer e-beam curing involves the 
cure of each composite layer after deposition, with no post-cure after the 
deposition/cure of the surface layer. This technique is still in its infancy and much 
research needs to be carried out in the area before it could become viable for the 
fabrication of parts for the RLV.
Aside from use in polymer matrix composites, e-beam processing can be used for 
electron-curable adhesives in advanced composite repair. An advantage of e-beams 
over conventional thermal techniques is the ability to focus the electrons on the 
damaged area only, reducing the introduction of stresses and possible damage to 
surrounding material^" .^ E-beam repaired components perform as well as or better than 
conventionally-repaired parts. Preliminary test results by Lopata et al. demonstrated 
that e-beam-cured panels show little loss in their low and high dry temperature shear 
properties and hot/wet properties, compared with the conventional thermal repair
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method used by Air Canada, which shows a significant loss of shear strength at 
elevated dry and wet temperatures^^. The better hot-wet properties are thought to be 
due to the higher crosslink density of the electron-beam-cured resin, which prevents 
the intrusion of water and other liquids into the system. E-beam-processed repaired 
parts are now flying on commercial aircraft^^’^ .^ EB 2000, an e-beam curable epoxy 
adhesive, was tested on Air Canada aircraft under normal operating conditions'^. The 
type-trial parts included three wing-to-body fairings and one engine fan cowl and 
results indicate that EB 2000 is a suitable candidate for repairing composite parts.
It is clear that the potential applications of e-beam curing technology are numerous 
and warrant further research and development.
1.5 Potential electron-curable resin systems -  1. Free radical systems
The area of electron-beam-curable matrix resins for composite applications is 
dominated by two classes of resin: those that cure via a free radical mechanism and 
those that cure by a cationic mechanism.
Free radical systems:
E-beam cure can operate by a chain scission process which generates free radicals, so 
vinyl systems would seem well suited to the process. The carbon-carbon double bond 
is a common reaction site for free radicals during polymerisation and crosslinking and 
the amount of unsaturation in a component has been shown by Fourier transform 
infrared (FT-IR) spectroscopy to reduce upon irradiation^^.
Resin systems which undergo a radical cure mechanism include acrylates, 
bismaleimides (BMIs) and PMR resins.
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1.5.1 Acrylates
Acrylate esters are derivatives of ethylene and can be represented by the generic 
formula:
H H 
\ /
C=C 
/ \
H COOR
The properties of acrylates are largely dependent on the nature of the R group and can 
vary from tacky adhesives to rubbers, from tough plastics to hard powders. They 
readily co-polymerise with a variety of monomers and are noted for their stability on 
ageing under severe service conditions'^. The slightly higher cost of acrylates when 
compared with other common monomers is compensated for by their stability 
characteristics, ease of handling and co-polymerisation and the high quality of their 
products^^.
The substitution of the carbonyl group for one of the ethene hydrogens greatly affects 
the reactivity of the double bond. The electron-withdrawing inductive effect of the 
electron-deficient carbonyl carbon, coupled with the electron-releasing resonance 
effect of the carbon-oxygen double bond, means that acrylates readily react with 
electrophilic, free radical and nucleophilic reagents.
It is well known that the free radical polymerisation of acrylate resins can be radiation 
initiated and, far from being potential e-beam curable resins, acrylates are already in 
wide use as e-beam curable resins. Radicals form readily on e-beam irradiation of 
vinyl containing monomers and e-beam curable acrylate/methacrylate resins have 
been studied extensively"^®. E-beam cured resins based on acrylates show good 
stiffness, long shelf lives and allow good control over processing viscosity. 
Unfortunately, these resins suffer greatly from shrinkage during cure and show low 
fracture toughness and low TgS when compared with high-temperature 
thermally-cured epoxies"^ ®. Work on the cure of epoxy acrylates by high-energy 
e-beams has been continuing for a number of years^’^ ’^"^®’"^ \ Glauser, et a l, for 
example, have not only shown that the Tg of an e-beam cured acrylated epoxy resin
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increases with dose, but that the thickness of the sample also affects the final 
Thin samples have lower TgS than thick samples due to the more rapid cooling 
limiting the mobility of the reactive species in the vitrified system. Despite the limited 
availability of resins for e-beam cure, a number of e-beam curable acrylated epoxy 
resins are now available commercially^’
1.5.2 Polyimides
Polyimides are an important group of thermally stable condensation polymers and are 
characterised by the presence of the imide group (see Figure 1.6) as a linear or 
heterocyclic unit in the polymer backbone.
O O
 c — N— C-----
Figure i.d  The imide group
Polyimides are conventionally synthesised in a two-stage process (Scheme 1-1), the 
first step of which involves the formation of a poly(amic acid) from a tetracarboxylic 
acid dianhydride and a diamine in a polar aprotic solvent. In the second stage, the 
poly(amic acid) is cyclodehydrated either chemically or thermally to the 
corresponding polyimide (Scheme 1-1)"^ .^
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The eured resins show outstanding thermal and oxidative stability, with TgS as high as 
400 °C Above the Tg the oxidative stability drops, probably due to the inereased 
ease with whieh oxygen can diffuse into the polymer. Polyimides show excellent 
solvent resistance properties and are capable of withstanding neutral and acidic 
aqueous environments, although most degrade in the presence of strongly alkaline 
aqueous environments. Although their resistance to UV radiation is sufficient for 
ordinary applications, prolonged or intense exposure can result in dramatic property 
losses"^ .^
Unsaturated polyimides have shown potential as eleetron-eurable resins due to the 
free-radical nature of their cure processes. Adherent Technologies, Ine has been 
developing linear, low molecular weight polyimides with e-beam curable 
functionalities'^^. Initial experiments involving phenylmaleimide-terminated imides 
did not show significant cure, however when siloxane units were added to lower the 
TgS of the materials the indications were that some system cure was occurring on 
e-beam exposure. The difficult proeessibility of polyimide resins is one of the 
problems to be overcome in the development of e-beam curable polyimide systems"^ .^ 
Whereas moderate temperature resins are made of epoxy acrylate or methacrylate 
resins, BMIs are required for high temperature resins. Aerospatiale has successfully 
eured bismaleimide resins, whieh cure via the maleimide bond, using high-energy 
e-beams^ \  Further discussion of the e-beam processing of bismaleimide resins can be 
found in Section 1.5.2.2.
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1.5.2.1 Phenylethynyl-terminated imides (PETIs)
N - A r — N
Ph
Figure 1.7 K  phenylethynyl-terminated imide
Aromatic polyimides are very useful thermally stable high performance polymers, but 
their normal preparation produces materials that are difficult to process by 
compression or injection moulding due to the infusible nature of the polymer. It is 
possible to modify the melt proeessibility of the polymers by incorporating more 
flexible units into the polymer backbone, by controlling the molecular weight and by 
end-capping, although there is usually some reduction of Tg and modulus.
The introduction of thermally latent, reactive end groups to the imide oligomers 
provides an attractive way of altering melt proeessibility and maintaining a high Tg 
and modulus. Examples of such groups include maleimide, benzocyclobutene, 
nadimide, ethynyl and phenylethynyl groups. Phenylethynyl end groups are perhaps 
the most attractive of these as they often have a large processing window, produce no 
volatiles on cure and the cured resin shows good mechanical properties with high 
thermo-oxidative stability"^ .^ Phenylethynyl-terminated imide (PETI) oligomers 
(Figure 1.7) were mainly developed at NASA Langley Research Centre and show 
great promise for high performance applications. They cure on heating to produce 
materials with very high TgS and excellent solvent resistance properties. Takekoshi 
and Terry"^  ^ compared phenylethynyl-terminated imides (PETIs) with imides 
terminated with other known capping agents and the former were found to have the 
better thermo-oxidative stabilities. One of the best known PETI resins is LaRC-PETI- 
5, so called because it has a theoretical oligomer molecular weight of 5000 g/mol. 
PETI-5 is the reaction product of 3,4’-oxydianiline (CD A), 4,4’-
Z?/5 (aminophenoxy)benzene (APB) and biphenyltetracarboxylic acid dianhydride
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(BPDA) terminated with 4-phenylethynyl phthalic anhydride (PEPA). LaRC PETI-5 
was developed as part of a programme to produce high temperature/high performance 
composites and adhesives for high-speed civil transport applications'^^. A recent 
study^° illustrated the exceptional thermal stability of PETI-5, showing that the fully 
imidised resin has excellent thermal stability up to 550 °C and suggesting that it may 
be used for extended periods of time below 450 °C. Further, the group determined 
that the PETI-5 resin is fully cured after 1 hour at 350 °C and demonstrated that no 
further reaction occurs above this temperature prior to degradation^^’
Work carried out at the NASA Langley Research Centre'^^’^ ’^^  ^ indicates that the 
thermal cure of imide oligomers terminated with phenylethynyl groups is very 
complex, involving chain extension, branching and crosslinking, which is likely to 
proceed by a predominantly free radical process. A simplistic view of the types of 
polymer structure expected is given in Scheme 1-3.
Ph-
Imide Oligomer 
(10)
Heat
Predominantly free 
radical type cure.
Ph Ph Ph
C =  C C =  C C C
Ph
Ph
+ other structures
Scheme 1-3 Possible structure of crosslinked PETI-547
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Fang and co-workers^'^ have suggested that in the early stages of the reaction, 
crosslinking occurs in a PETI-5 oligomer by phenylethynyl addition following first 
order kinetics. The reaction then continues by more complex intramolecular and 
bimolecular double bond additions to form a more highly crosslinked polymer. It 
would seem that oxygen is involved in the thermal cure mechanism, but the actual 
chemistry is unknown^^. It is not unlikely that e-beam irradiation of the oligomer 
might initiate crosslinking by a similar free radical process. It has been suggested by 
Tang et a l that cure of PETI-5 may proceed through the imide carbonyl groups^^. 
This may happen to some extent, but is not likely to be a significant effect.
In an excellent recent study, a model aryl ether imide with a phenylethynyl moiety 
was used to study the thermal cure reactions of the phenylethynyl end-group^^. In 
addition to the expected cure products, e.g. dimers, trimers, etc. of the starting 
material, a number of low molecular weight fragments containing aliphatic protons in 
place of the phenylethynyl group were produced (see Figure 1.8). These fragments are 
side-products and are not thought to be involved in the main curing reactions. It has 
been suggested that radical abstraction of aromatic hydrogen takes place after the 
majority of ethynyl bonds have reacted.
High concentrations of (I)
Low concentrations of (I)
3D polyene network
Figure 1.8 Fragments formed in the thermal cure of a model aryl ether imide56
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The rate of the cure reaction slows in the presence of oxygen^^, as might be expected 
from a free radical reaction. The reaction rate is also affected by the electron- 
withdrawing ability of any substituent on the phenylethynyl end-capper, such that the 
reaction rate increases with increasing electron-withdrawing ability^^. The electron- 
withdrawing substituent hinders the generation of radicals on the ethynyl bond. Once 
formed, however, they are less stable than they would be with an electron-donating 
substituent and, as such, react more quickly (see Figure 1.9). Thus, in a reaction 
where the temperature is sufficient to overcome activation barriers, the rate of 
reaction will be dependent on the propagation and termination steps, which are 
accelerated by electron-withdrawing groups.
X  =  e lectron -donatin g  group
z  =  e iectron-w ittid raw ing group
H e at
H e a t
B etter reso n an ce  stabilised
less stab le
S lo w e r reaction
». F a s te r reaction
Figure 1.9 Effect of substituent on rate of phenylethynyl cure reaction
The electron-withdrawing ability of the substituent also has an effect on the properties 
of the resulting polymer. In general, the greater the electron-withdrawing ability of 
the group, the higher the Tg of the final polymer^^.
Given that the cure of PETI-5 proceeds through a predominately free radical process, 
it is not unreasonable to assume that the cure may be initiated with a high-energy 
e-beam. Thus far, however, the successful e-beam cure of a phenylethynyl-terminated 
imide has not been reported.
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1.5.2.2 Bismaleimides (BMIs)
Figure 1.10 Diaminodiphenylmethane bismaleimide (DDM-BMI), a bismaleimide
Bismaleimide (BMI) resins (Figure 1.10) form a class of thermosetting resin that is 
becoming increasingly used as matrices in composites for high performance structural 
applications, as well as electronic and electrical materials and thermal insulation. 
They are synthesised using maleic anhydride and a diamine (usually aromatic) in a 
two-stage process described generally in Scheme 1-1. Most industrial BMIs are 
derived from methylene dianiline, 2,4-diaminobenzene, 1,3-diaminobenzene and 
some aliphatic amines such as M-alkylamines and wo-alkylamines^^. A number of 
monomers and polymers of varying properties can be produced simply by varying the 
diamine used in the synthesis.
BMIs polymerise through the double bond of the maleimide group, which can be 
considered to be slightly electron deficient due to the presence of the two adjacent 
imide carbonyls. As a consequence, the maleimide bond is capable of a number of 
reactions, such as attack by nucleophiles, homopolymérisation, ene reactions, diene 
reactions and cycloaddition reactions. At around 200 °C, radical-initiated 
homopolymérisation occurs, with crosslinking occurring with multi-functional 
maleimides^^. Radical co-polymerisation reactions with other unsaturated monomers 
are also possible. Furthermore, BMIs can undergo addition and crosslinking reactions 
with compounds such as diamines and diallyl phenols. The curing mechanisms 
involved are often very complex.
BMIs cure to produce highly crosslinked polymers that are void free and possess 
good physical properties and thermal stability. Cured BMIs have excellent thermal 
properties and can develop very high TgS of around 250-300 higher than the 
most commonly used epoxy resins in the aerospace industry. However, they are
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difficult to process, having high melting points and high curing temperatures which 
results in highly crosslinked networks that are very brittle. Their low strength and low 
elongation at break have been a major concern for BMIs. Nevertheless, their high TgS 
have caused much interest in BMIs in recent years and a good deal of work is being 
carried out on developing polymer blends to improve resin proeessibility and 
toughness^^’^^ ’^^ .
BMI systems are already known to undergo cure reactions when exposed to 
high-energy radiation. Irradiation of BMIs leads to free-radical polymerisation and a 
number of groups have successfully initiated crosslinking reactions in BMI resins and 
formulations using e-beams^’^ ’^^ '^ ’ '^^ . Singh and co-workers found the dose required to 
cure BMIs to be around 300 kGy '^^ . The e-beam cured resin compared favourably 
with its thermally cured counterpart with the former having a Tg of 290 °C compared 
with the latter’s Tg of 321 However, the e-beam cured BMI had a toughness 
only about 26 % of the thermally cured BMI, illustrating one of the challenges to 
e-beam processing technology, i.e. developing e-beam curable composites that are 
truly comparable to thermal resins. In a separate study, Singh, et al. found that the 
sizing on the fibre interfered with the e-beam curing of composites with a 
bismaleimide matrix^. The dose required to cure the resin with unsized fibres was 
70 kGy, compared with 170 kGy with the sized fibres. The sizing appeared to 
interfere with the free radical curing of the matrix. This is clearly something that 
needs to be considered in the development of e-beam curable composite matrices.
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1.5.2.3 PMR resins
N --A r— N N --A r-N
Figure 1.11 A  PMR resin
PMR resins (Figure 1.11), developed by NASA, are based on the in situ 
polymerisation of monomerie reaetants, the process from whieh they derive their 
name. The most well known PMR resin, PMR-15, is currently one of the most 
promising high temperature resins with TgS in the range 280-300 °C.
The erosslinking of PMR resins can be thought to proceeds via a reverse Diels-Alder 
reaction of the norbomenyl end-groups causing the evolution of eyclopentadiene 
whieh then undergoes addition polymerisation with the resulting maleimide^^. It is 
important that all the eyclopentadiene is recaptured in erosslinking reactions to 
prevent void formation in the cured resin. The actual reactions are, however, much 
more complex than this simplified mechanism. A kinetic study by Lauver^^ has shown 
that the rate limiting step in the polymerisation of PMR resins is the reverse Diels- 
Alder reaction of the norbomenyl end groups whieh is followed rapidly by 
erosslinking. The matrix crosslink density of the PMR resins has been shown to exert 
a profound influence on the composite performance^^, so a better understanding of the 
erosslinking mechanisms would be beneficial.
One of the drawbacks of PMR-15 polyimide is its tendency to mierocrack during 
repeated thermal cycling, whieh results in a loss of mechanical properties and reduced 
oxidative resistance^^. Using A-phenylnadimide as a model for the erosslinking of 
PMR-15, it has been shown that high cure temperatures produce a resin with a high 
crosslink density and high modulus and this is believed to explain the susceptibility to 
microcracking^^. It would seem advantageous, then, to employ e-beam curing 
technology to PMR resins, since the ambient temperature of the process might allow
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the production of fully cured materials with lower crosslink densities which resist 
microcracking.
1.6 Potential electron-curable resin systems -  2. Cationic systems 
1.6.1 Epoxy resins
A A
N—( )—CH2-< >—N
V
Figure 1.12 An epoxy resin
Epoxy resins are characterised by the presence of the three-membered epoxy, or 
oxirane, group:
The resins are normally prepared by the reaction of epichlorohydrin with a compound 
containing an active hydrogen group. The reaction product of bisphenol A with 
excess epichlorohydrin is the most important reaction product in epoxy resin 
technology.
Epoxies (Figure 1.12) are currently the most extensively used resin in high 
performance polymer matrix composites. Although not cheap, they have low 
shrinkage on cure, relatively good moisture resistance and relatively high use 
temperatures. In addition, a large number of formulations are available for thermal 
cure. The epoxy systems consist of an epoxy resin and a curing agent or hardener. 
There are a large number of hardeners available including polyamines, polyamides, 
polysulphides, urea- and phenol-formaldehydes and acids or acid anhydrides which 
undergo coupling or condensation reactions^^.
The e-beam curing of epoxies, which occurs via a cationic cure mechanism, has been 
studied by a number of groups^^’^ ’^ The curing of these resins requires some form
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of photoinitiator to catalyse cure, since direct cationic polymerisation is impractical. 
Crivello and co-workers employed diaryliodonium and triarylsulphonium salt 
photoiniators as catalysts for the e-beam-induced cationic polymerisation of certain 
epoxy matrix composites^^. They suggested a mechanism whereby the onium salt 
initiators are reduced by. e-beam generated free radicals to cationic species which then 
proceed to initiate the polymerisation. The e-beam-induced decomposition of onium 
salts containing the SbFe' anion is thought to result in the formation of HSbFô, the 
strongest Bronsted acid known and the most powerful cationic polymerisation
initiator,70
Malstrom et a l considered the action of onium salts in the cationic cure mechanism in 
some detail^\ When a monomer, M, is exposed to ionising radiation (see Scheme 
1-4), monomer radicals (M*), solvated electrons (Cg") and protons (H^) are formed. 
The ion pairs produced go on to initiate the reactions that follow. In the presence of 
an onium salt, the solvated electrons can be scavenged, which provides two ways of 
generating the initiating species for cationic polymerisation. Firstly, there is the 
reaction between the free radical and the onium salt, where the radical is oxidised to 
the corresponding cation, stabilised by the counter ion (route A). The second route 
(route B) produces a Bronsted acid from the reduction of the onium salt by the 
solvated electrons. The Bronsted acid and the ion pair are the true initiators in the 
system.
e-beam
Route BRoute A
RH
True initiators
Scheme 1-4 Radiation induced cationic cure in the presence of onium salts^\ See
main text for full explanation.
Lopata et a l studied a number of cationic initiators for e-beam-induced 
polymerisation^^. They found that, within the same family, the more efficient the
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initiator, the lower the dose required to cure the resin and the higher the glass 
transition and service temperatures obtained in the cured material. Additionally, they 
found that each initiator had an optimum concentration for curing dose and 
maximising rheological properties.
The radiation-induced cationic polymerisation of resins is characterised by a 
considerably lower shrinkage on cure than typical free radical systems^^ and products 
generally exhibit good mechanical and thermal properties. Janke et a l have produced 
electron-cured epoxy resins with superb low water absorption values (less than 1 %) 
and TgS rivalling those of polyimides (greater than 390 °C)^\ Moreover, there was 
evidence of improved mechanical properties compared with autoclave-cured epoxies.
A number of materials have been found to inhibit the cationic cure of epoxy materials, 
including active nitrogens, anionic surfactants, basic clays, alkaline materials and 
strong anions^ \
1.7 Siloxanes
Silicones, or siloxanes, are an important class of polymer consisting of an inorganic 
backbone containing the repeating siloxane link -Si-O-Si- with organic groups 
attached to a significant portion of the silicon atoms by silicon-carbon bonds. The 
siloxane chain is very flexible and rotation is fairly free about the Si-0 and Si-C axes 
as a result of which, the intermolecular distance between chains is greater than 
between hydrocarbons and the intermolecular forces are smaller. This results in 
properties such as low modulus, low Tg and high permeability.
Siloxanes have excellent thermal properties, possessing good thermal and oxidative 
stability with physical properties that change little with temperature. In addition, 
siloxanes demonstrate a high degree of chemical inertness, resistance to weathering, 
low surface tension and good dielectric strength.
Probably the best known siloxanes are the trimethylsiloxy-terminated 
polydimethylsiloxanes (see Figure 1.13) which form the basis of many fluid-based
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siloxanes and cured siloxane elastomers. The properties of these polymers can be 
modified by replacing the side methyl group with hydrogen, alkyl, phenyl or other 
organofunctional groups.
Ç H 3 ÇH3
S i - 0 -
r
- S i - 0 -
1
— S Î - C H 3  
n 1 3
CH3 CH3 CH3
Figure L I 3 Trimethylsiloxy-terminated polydimethylsiloxane, a silicone polymer.
A combination of the varying structures of siloxanes, which includes linear, branched 
and cross-linked structures, coupled with the variety of possible side groups allows 
for a class of polymer with a wide range of properties. Siloxanes include fluids, 
elastomers and resins and their applications are numerous and diverse. They are used, 
among other things as lubricants, adhesives, release agents, medical implants, paints 
and laminates^^.
1.7.1 Radiation chemistry of siloxanes
The radiation chemistry of siloxane polymers has been well investigated. Siloxane 
fluids undergo erosslinking on irradiation to produce clear and transparent 
elastomers^" .^ Linear polydimethylsiloxanes, for example, are capable of erosslinking 
on irradiation with high-energy radiation, including e-beams. The irradiation produces 
radicals (see Figure 1.14) and the chains can be degraded or crosslinked. Crosslinking 
exceeds degradation, resulting in the formation of Si-Si, Si-CH2 -Si and Si-CH2 -CH2 - 
Si bonds^^.
- ( - S i - O ^ -  +  C H 3
C H ,
(CH3)2Si-0' + ■Si(CH3)2
Figure 1.14 Some of the radicals formed on exposure of siloxanes 
to high energy radiation^^
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Radiation curing of siloxane polymers produces products with improved properties 
when compared with conventional siloxanes cured with peroxide catalysts. The main 
advantage is that there is no residual trace of catalyst in the radiation-cured polymers, 
so they are particularly resistant to heat ageing^^.
Replacing the methyl group in the polydimethylsiloxane structure with aromatic 
groups, such as phenyl, increases the radiation stability of the polymer^^. The increase 
in viscosity on irradiation was found to be at least 35 times smaller in 
poly(methylphenylsiloxane) than in a polydimethylsiloxane fluid^ .^ Conversely, 
replacing the methyl group with hydrogen increases the polymer’s susceptibility to 
radiation, due to the high sensitivity of the Si-H bond^^.
1.8 Summary
E-beam processing for the cure of polymers and composites has been discussed and 
has been shown to offer a number of advantages over more conventional thermal 
curing techniques, not least of which is the potentially high cost saving associated 
with e-beams. There are a few challenges to be overcome, mainly due to the newness 
of the technology, but they are being addressed. A number of resin systems show, or 
have shown, promise for potential e-beam cure. The numerous potential applications 
for e-beam-cured composites, most notably in the aerospace industry, are likely to 
continue to stimulate interest in the field.
1.9 Aims of the current work
As has been discussed in previous sections, e-beam technology provides a promising 
way of processing polymers and composites. However, one of the limitations of the 
technique was shown to be the limited number of e-beam curable resins available. 
The principle objective of this project was to extend existing work on e-beam 
technology into new areas by investigating the effect of e-beam irradiation on selected 
high performance resins. The intention was to identify the chemical mechanisms 
involved in the cure and to characterise the products chemically and physically. The 
aim was also to investigate the effect of co-curing the selected resins with specific
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reactive diluents and to undertake a comparison of direct initiation versus initiation in 
the presence of a separate initiator.
The resin systems selected for investigation were both free-radical systems, namely 
the NASA developed imide, PETI-5, and the commercially available BMI, 
DDM-BMI. Investigation of the former system is discussed in Chapters 3 to 5 and the 
latter system is considered in Chapter 6 .
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Chapter 2 Techniques and instrumentation
2.1 Overview
In Chapter 1, the relative merits of e-beam processing of polymers were discussed and 
the advantages of this technique over conventional thermal techniques highlighted. 
One of the disadvantages of e-beam processing was shown to be the limited number 
of commercially available e-beam-curable resins. Clearly, the development of new e- 
beam-curable resins is a desirable goal if the technology is to advance. In order to 
develop e-beam curable resins that are truly comparable with thermally curable resins, 
a great deal of testing is required to ensure certain standards are met. This chapter 
discusses some of the instrumentation and techniques employed in this project.
2.2 Electron-beam curing apparatus
Much of the e-beam curing described in the literature has been carried out in large, 
lOMeV, IkW e-beam-curing facilities. In France, Aerospatiale developed the first 
industrial ionisation curing facility, called Unipolis, which has been in operation since 
199l\ It is designed to cure asymmetrical parts of up to 4 m in diameter, 10 m in 
length with a thickness of 600 mm. Similarly, the Whiteshell accelerator in Canada, 
used in a number of e-beam cure studies, is capable of curing small to quite large 
parts^, though not as large as Unipolis samples.
Radiation protection is an important consideration when accelerators of this scale are 
in use. The Whiteshell accelerator, for example, is surrounded by thick concrete walls 
and the facility is buried beneath an earth fill, which provides adequate protection for 
personnel and the public^. A number of safety features are also in place to prevent 
inadvertent exposure of workers to high levels of radiation. X-rays are formed when 
the high-speed electrons are quickly slowed down and can be produced deliberately 
by directing the e-beam onto targets of large atomic weight^. As the energy of the 
e-beam is increased to increase penetration depth into the sample, the likelihood of 
producing X-rays also increases^. The likelihood of X-ray production also increases
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with the atomic number of the target material^. Radiation protection is not required for 
the laboratory scale apparatus used in this project as the energy of the beam is not 
sufficient to pose a threat.
Aside from radiation exposure, dangers can arise from the e-beam itself. In high 
power accelerators {i.e. 10 MeV, 20 kW), for example, the amount of heat generated 
by the impact of the e-beam is sufficient to melt metal components, shatter concrete 
and cause structural damage to the facility^. An efficient water-cooling system is 
therefore very important.
2.2.1 Description of laboratory scale e-beam curing system
Plate 1 Electron-beam curing apparatus used in this work
For the purposes of this project, a 50 KeV laboratory-scale e-beam-curing apparatus 
was purchased. The system used in this project was designed and built by MSVS Ltd. 
Referring to Plate 1, the unit on the left is the controller and scan-generator for the 
electron gun. The central unit contains the vacuum system, ion gauge, valve 
sequencers, etc. The cylinder above the central unit is the vacuum chamber, above 
which is the electron gun. The small unit on the right-hand side is the chiller.
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2.2.2 Theory and operation of system
2.2.2.1 The vacuum system
The Oxford Applied Electronics EB50 model electron gun used in this project is 
designed for high vacuum operation and for beam energies of 25 keV or greater and 
the pressure must be below 7x10'^ torr. Thus, an important part of the e-beam curing 
apparatus is the unit containing the vacuum pumps, valve sequencer and ion gauge. 
The vacuum system consists of four valves (foreline, roughing, high vac. and vent) 
and two pumps (diffusion and mechanical). At the start of the vacuum cycle, the 
foreline valve will close and the roughing valve will open. The system will pump the 
chamber down to the required pressure setpoint, at which point the roughing valve 
will close and the foreline valve will reopen. After a short delay, the high vac. valve 
will open and the system will be under high vacuum.
Once the system is under high vacuum, it is safe to turn on the ionisation gauge. This 
is a precision instrument which measures the vacuum pressure in the chamber, an 
important parameter as the electron gun should not be operated above a set pressure 
(the e-beam does not have sufficient energy to pass through air and would be hindered 
by large numbers of ‘air’ molecules). The pressure indication is based on the 
ionisation of gas molecules by a constant flow of electrons. The functional parts of the 
tube are the filament, the grid and the collector, shown schematically in Figure 2.2.1.
i —
Filament
i —
"► Collector  
►
Grid
Figure 2.2.1 Schematic diagram of the ion gauge tube
The filament serves as a cathode, which emits a stream of electrons on heating. The 
grid serves as the anode which controls the speed of the electrons. The grid is held at a
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positive voltage, such that the electrons emitted from the cathode are accelerated 
through the grid structure and into the region surrounding the collector. Since the ion 
gauge tube is open to the vacuum chamber, the electrons emitted from the cathode 
will collide with any gas molecules present, dislodging electrons and producing ions 
that are proportional in number to the gas density. As the collector is held at a 
negative potential, these positive ions are attracted to it and a current is produced that 
is also proportional to the gas density. This ionisation current flows through an 
electrometer which converts the small current into a reasonable signal that is then 
displayed on the ion gauge meter.
When high vacuum operation is completed, the ion gauge should be switched off and 
then the high vac. pump can be disengaged. This will cause all the valves to close and 
the foreline valve will open after a short delay. Opening the vent valve will then cause 
the chamber to fill with nitrogen, at which point the door to the chamber can be 
opened and the sample removed. The auto valve sequencer (AVS) will completely 
automate the valve cycle of the vacuum system, although it is possible to operate the 
valves manually. The system is water cooled by a chiller unit to prevent overheating 
of components.
A sample holder and bellows arrangement was designed and added into the set-up to 
allow movement of the polymer samples in and out of the beam.
2.2.2.2 The electron gun
Only when the system is under high vacuum should the power to the gun controller be 
turned on. The two main components to the electron gun, shown schematically in 
Figure 2.2.2, are the heated filament and the accelerating region, which is bordered by 
two electrodes. The filament is a piece of wire which is heated by an electric current 
causing the liberation of electrons from the metal in a process known as thermionic 
emission. These electrons leave the filament with very little energy and drift through a 
small hole in the cathode, or Wehnelt. The latter is a cylindrically-shaped electrode 
that contains the cathode of a cathode-ray tube and is designed to focus and control 
the electron beam. The filament and Wehnelt are held at the same electrical potential 
(up to 50 keV for the model used in this project). After passing through the Wehnelt,
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the electron enters a region with an electric field which accelerates the electrons 
across the gap to the anode where they pass through a small hole and are focused by 
applying a voltage to the condenser lens which determines the final energy of the 
electron-beam. The electrons are fired out of the gun on to the sample in the vacuum 
chamber. Scanning of the e-beam in the x and y directions is made possible by the use 
of electromagnetic coils and can be automated by means of the SG50 Scan Generator. 
The gun is water cooled to prevent overheating of the electrical components.
C a th o d e A n o d e
Filam ent y  ♦
Figure 2.2.2 Schematic diagram of an electron gun 
E = direction o f electric field, • = electron
The energy of the e-beam determines the depth of penetration into the sample. The 
higher the beam energy, the greater the depth of penetration. A 10 MeV beam, for 
example, can penetrate approximately 2.2 cm into a composite sample. Thus, the 
50 keV beam used in this project will mean relatively shallow penetration, allowing 
the curing of thin films only (approximately 5 pm).
Absorbed dose of radiation is measured in Grays, where one Gray is equal to one 
Joule absorbed per kilogramme of material (Gy = J kg'^). For most e-beam-curable 
resins, the required curing dose is normally between 70 and 250 kGy, the specific 
dose depending on the resin, the initiator used and its concentration
2.3 Characterisation techniques
2.3.1 Vibrational spectroscopy
Numerous techniques are available for use in the characterisation of polymers and 
polymerisation reactions'^, indeed too many to cover here, although some of the more
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relevant techniques will be mentioned briefly. Various spectroscopic techniques are 
available for use with polymers, including infrared, Raman and nuclear magnetic 
resonance (NMR) spectroscopy. Of course, the technique used would depend on the 
nature of the problem. Raman spectroscopy, for example, provides a convenient way 
of monitoring the thermal cure of acetylene-terminated imides via the loss of the 
acetylenic triple bond at -2115 cm'  ^ Similarly, Fourier-transform infrared (FTIR) 
spectroscopy has been used to study cure kinetics of an acetylene-terminated system 
by monitoring the loss of the acetylenic stretching band at 2212 cm'^ For 
bismaleimides (BMIs), the loss of the maleimide =C-H out of plane bend at 820 cm'  ^
has been used to characterise the cure reactions using FTIR spectroscopy^. Infrared 
spectroscopy is also used in the analysis of polymer blends and copolymers in which 
the ratio of two peaks in the same spectrum is considered^.
The use of vibrational spectroscopy has the advantage of allowing in situ monitoring 
of reactions by use of fibre optic probes. Fibre optic probes have been used 
successfully for in situ monitoring of thermal cure in polymers and composites by 
both infrared^’^  ^and R am an 'spectroscopy . Aust and co-workers" have developed 
a novel in situ probe for Raman monitoring of polymer cure which can be used for 
thin film and bulk polymer samples. The probe consists of a single optic fibre with a 
section of ‘Teflon’ tubing at the end.
2.3.1.1 Raman spectroscopy
Raman spectroscopy was developed in 1928 by C.V. Raman in India and almost 
simultaneously in the Soviet Union by G. Landesberg and L. Mandelstam. The first 
twenty years after its development saw Raman spectroscopy playing a major role in 
structural studies, but with the development of commercial infrared spectrometers, the 
next twenty years saw Raman being surpassed by the easier infrared technique. With 
the developments in laser technology in the mid-1960s, Raman spectroscopy 
underwent a resurgence of popularity and still plays an important role in today’s 
research, though infrared is still the more popular technique.
* The background for this section was obtained from a number o f  texts which are referenced in the 
bibliography at the end o f  this chapter.
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The Raman technique offers a number of advantages over infrared spectroscopy. In 
particular, the sample handling in Raman spectroscopy is much simpler than in 
infrared. Water is a weak Raman scatterer, so it is possible to obtain spectra of 
aqueous solutions (particularly useful to the biological sciences) and the fact that the 
incident and scattering radiation is in the ultraviolet and visible region allows the use 
of glass sample holders. The ability to finely focus the laser allows the study of very 
small samples and because it is a scattering technique, any size or shape of sample is 
permissible. The main limitation of Raman spectroscopy is fluorescence. If a sample 
fluoresces when exposed to the laser, the Raman scatter is completely swamped and a 
spectrum cannot be obtained. There can also be problems associated with obtaining 
spectra of highly coloured samples. These absorb the heat of the laser and can 
degrade, sometimes to the point where the sample is completely destroyed.
The Raman technique should be used, where possible, in conjunction with infrared 
spectroscopy as bonds that are Raman inactive may be infrared active and vice versa. 
Raman spectroscopy is better employed in the study of non-polar, symmetric 
molecules, whereas infrared spectroscopy is better for polar, asymmetric molecules. 
The two techniques are complementary, not mutually exclusive.
Raman spectroscopy concerns the change in energy when radiation is scattered by 
molecules. When a photon from the incident radiation collides with a molecule, the 
collision can be described as either elastic or inelastic. In an elastic collision, the 
photon would lose no energy and the scattered radiation would be the same frequency 
as the incident radiation. This is known as Rayleigh scattering. In an inelastic 
collision, the photon either gains or loses energy from the interaction and is scattered 
at a different frequency to that of the incident radiation. It is this inelastic, or Raman, 
scattering that is measured in Raman spectroscopy.
For a bond to be Raman active, a rotational or vibrational change must result in a 
change in the polarisability of the molecule, i.e., the ease with which the molecule can 
be polarised. As a general rule, symmetric vibrations result in intense Raman lines, 
whilst non-symmetrical vibrations are weak and often unobservable.
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Raman scattering is much weaker than Rayleigh seattering and as such Raman 
spectrometers need an intense energy souree, namely a laser. Rare gas lasers, e.g., 
Ar^, Kr'*', are commonly employed in Raman spectrometers. A schematie diagram of a 
Raman spectrometer is given in Figure 2.3. The laser beam passes through a sample 
and light seattered sideways is colleeted by a lens and foeused into a grating 
monoehromator. The signal is detected by a sensitive photomultiplier and amplified 
before being processed by a eomputer.
Sample cell Laser beam
Laser
Collecting lens
Grating
D etector
M onochrom ator ^
Figure 2.3 Sehematic diagram of a Raman spectrometer13
Application of Raman spectroscopy to the study of polymers is manifold. The ease of 
sample handling afforded by Raman spectroscopy is of particular appeal to the 
polymer scientist and allows the analysis of injection-moulded pieces, films, resins, 
etc. Since each polymer will give a unique Raman spectrum, the technique can be 
used for polymer characterisation and for detecting impurities. Raman spectroscopy is 
also particularly useful for the monitoring of polymerisation and cure reactions and 
for following polymer degradation. It is also possible to use the Raman technique to 
determine polymer conformation in the solid-state, in solution or the melt and at 
interfaces. It is, in short, a very versatile teehnique.
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2.3.1.2 Infrared spectroscopy
Infrared radiation was first discovered in 1800 by the British astronomer William 
Hersehel. In his experiment, Herschel used a prism to split sunlight into its component 
speetrum and, using a sensitive thermometer, discovered that the coloured bands in 
the spectrum had different temperatures. He noticed that the temperature inereased 
from the blue to the red region and, significantly, that the highest temperature was in a 
region just outside the red end of the visible speetrum. These invisible rays he called 
calorific rays and they were later to become known as infrared radiation.
The first steps towards the development of infrared spectroscopy were made by two 
Royal Engineers, Captain Abney and Lieutenant-Colonel Festing in 1881. They were 
the first to notice that there were differenees in the spectral lines produced by the 
absorption of various organie compounds. They suggested that future workers with 
better equipment might be able to use these speetral lines as elues to the structures of 
molecules. In 1892, W.F. Julius demonstrated that the methyl group gave rise to a 
eharacteristie infrared absorption that was independent of the moleeule it was attached 
to. This further suggested a link between structure and spectra.
The major developments in infrared spectroscopy were made in the early twentieth 
century. In partieular, government funding during the Second World War led to rapid 
development of infrared spectrometers that were capable of rapidly producing high 
quality spectra. To this day, infrared speetroseopy remains one of the most popular 
non-destructive chemical analysis techniques.
Infrared radiation occurs at wavelengths of around 1000 nm and above, which 
corresponds to 3 x 10^ "^  Hz; comparable to the frequency at which molecules vibrate "^ .^ 
Infrared spectroscopy, as its name implies, concerns the changes in energy when a 
molecule absorbs infrared radiation, causing the molecule to become vibrationally 
excited. The frequencies at which a molecule absorbs depends on the masses of the 
atoms and the stiffness of the bonds. Furthermore, for a vibration in a molecule to be 
infrared active, it must result in a net change in the dipole moment of the moleeule.
* The background for this section was obtained from a number o f  texts which are referenced in the 
bibliography at the end o f  this chapter.
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Infrared spectrometers employ some kind of hot filament as the source of infrared 
radiation. This filament is maintained at red- or white-heat by an electric current. The 
beam of infrared radiation is focused through a series of mirrors and a grating is used 
to select the wavelength of radiation. The beam then passes through the sample to the 
detector, where the energy difference between it and the incident radiation is 
measured. The differences in energy at various wavelengths caused by absorption of 
radiation by the sample are plotted as an infrared spectrum.
The obvious application of infrared spectroscopy to the study of polymers is sample 
identification. It is also possible to use infrared spectroscopy to elucidate certain 
aspeets of polymer structure such as branching, crystallinity and tacticity. A number 
of other infrared speetroseopy techniques are also useful to the polymer chemist. 
Attenuated Total Reflectance (ATR) spectroscopy being one such method. This 
technique employs the principle of total internal reflection to obtain an infrared 
spectrum of the surface of a sample. The advantage of this teehnique is that very little 
sample preparation is required. As long as there is good eontact between the ATR 
crystal and the sample, a reasonable spectrum can be obtained. This is of particular 
use to the study of polymers as it is not always possible to sufficiently grind down the 
polymer to produee a KBr disk. ATR also allows the study of, for example, oxidation 
at the polymer surface^^.
A combination of infrared and Raman spectroscopy provides a powerful tool for 
polymer analysis.
2.3.1.3 Principal component analysis
Principal Component Analysis (PGA) is one of the most commonly used multivariate 
analysis techniques. It is used for data compression and information extraction and its 
chief purpose is to describe the main information in a set of variables in a fewer 
number of variables. The principal components (PCs) themselves describe the main 
trends in the data and, as the name implies, can reduce thousands of data points to just 
one or two “principal components”. This is illustrated in Figure 2.4. The first principal 
component (PCI) will describe the greatest variance in the data, the second principal
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component (PC2) will describe the next greatest variance, and so on until all the 
variance in the data is accounted for.
Figure 2.4 Graphical representation of how two principal components could be 
derived from a set of data points^^.
Once a PCA has been performed on the data, it is then possible to perform a multiple 
linear regression between the new variables, or scores, and the characteristic to be 
modelled, e.g., concentration, octane number of petrol or absorbed radiation. Any 
trends that are present in the data can then be identified and a model constructed. The 
mathematics involved in both PCA and Principal Component Regression (PCR) is 
very complex and is beyond the scope of this work.
PCR is a particularly useful technique when applied to infrared and Raman 
spectroscopy. The regression coefficients can be interpreted as spectra, as tliey are 
linked directly to the original data set and are represented as two-dimensional spectra 
with X and y axes. Positive changes in the y axis show that a spectral absorption is 
increasing in size, whilst a reduction in spectral absorption is represented by a 
negative change on the y axis. Often it is difficult to see any significant differences in 
a set of vibrational spectra, but PCR can identify trends that are not discernible with 
the naked eye and can reveal any ‘hidden’ information in the spectra. For example, 
Shenton et al. used a combination of Raman spectroscopy and chemometrics in the 
study of polymer molar mass^^. They demonstrated that although the spectra in a 
series of polydimethylsiloxanes of increasing molar mass were very similar.
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performing a PCR on the data revealed obvious trends in the spectra that allowed a 
predictive model of molar mass to be produced.
2.3.2 Thermal characterisation techniques
Other techniques that are useful in polymer characterisation include the thermal 
analysis techniques. These are methods which measure the properties of the polymer 
that change as a function of temperature and include such techniques as differential 
seanning calorimetry (DSC), thermogravimetrie analysis (TG analysis) and dynamie 
mechanieal thermal analysis (DTMA). The thermal properties of polymer matrix 
eomposites for advanced applieations are very important. Aerospaee vehicles, for 
example, must be able to withstand extreme eonditions without loss of mechanical 
properties. It is therefore neeessary to determine properties sueh as glass transition 
temperature (Tg), thermal stability and volatile content to ensure the material could 
withstand the eonditions for whieh it was intended. This is partieularly important in 
the development of new resins, such as electron-curable resins, in order to determine 
whether they conform to established eriteria and could compete with conventional 
resins.
2.3.2.1 Differential scanning calorimetry
When a polymer undergoes a phase change, e.g., melting, a change in enthalpy is 
observed. DSC detects this enthalpy change by measuring the difference in enthalpy 
between the sample and a reference sample (or blank) as they are exposed to a 
eontrolled temperature programme. In a typieal power-eompensation type DSC (see 
Figure 2.5), the sample and referenee are plaeed in holders that are attached to 
individual sensors which measure the temperature at the base of the holders. When the 
sample undergoes a phase change, a temperature differenee is deteeted between the 
sample and reference, and energy is supplied by the system until the temperature 
difference is negligible^^. The energy input per unit time is recorded as a function of 
temperature or time on a DSC traee. A typical DSC trace is shown in Figure 2.6.
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Figure 2.6 K  typical DSC trace of poly(ethylene terephthalate)20
DSC is a valuable tool for the polymer scientist. In addition to characterising 
important properties of polymers, such as Tg or melting temperature (Tm), it can also 
be used in, for example, purity determination and the study of polymer blends.
2.3.2.1.1 Modulated differential scanning calorimetry
As discussed above, conventional DSC measures the difference in heat flow between 
a sample and a reference as both are subjected to a, usually linear, controlled 
temperature programme. Modulated DSC is similar to this, but in addition, a 
sinusoidal temperature modulation is superimposed on the linear heating profile. 
Thus, the average sample temperature will continuously vary in a sinusoidal manner.
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The total heat flow at any point in a DSC experiment can be given by:
dQ/ dt = Cpp + / (T, t) Equation 2.1
Where Q = heat (J), t = time (s), Cp = sample heat capacity (J K’ )^, p = linear constant 
heating rate (K min'^) and/ (T,t) = heat flow from kinetic processes that are absolute 
time and temperature dependent^\ Whereas conventional DSC can only measure the 
total heat flow, the temperature modulation of MDSC allows heat capacity 
information to be obtained. The kinetic component can then be deduced from the 
arithmetical subtraction of the heat capacity from the total heat flow. The heat 
capacity component is generally known as the reversing heat flow and the kinetic
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component as the non-reversing heat flow. The non-reversing heat flow can be used to 
reveal information about irreversible processes such as chemical reactions, e.g., 
curing, and non-equilibrium phase changes, e.g., relaxation. The reversing heat flow 
can be used to reveal reversible transitions such as Tg and melting temperature.
2.4 Summary
The laboratory scale e-beam apparatus used in this project was introduced and its 
theory and operation discussed. A number of instrumental techniques employed in 
this study, including Raman and infrared spectroscopy and modulated DSC, were also 
discussed. Relatively little is known about the mechanisms involved in e-beam 
initiated cure and studies employing the above techniques are likely to help in 
elucidating those mechanisms. It would then be possible, for example, to compare the 
mechanisms involved in thermal cure with those in e-beam initiated cure.
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Chapter 3 PET-PDMS and blends with PETI-5
3.1 Introduction
As discussed in chapter 1, phenylethynyl-terminated imide (PETI) oligomers show 
great promise for high performance applications. They cure on heating, without the 
production of volatiles, to produce materials with high TgS and excellent solvent 
resistance p r o p e r t i e s T h e  ability to cure these polymers with e-beams would be a 
distinct advantage as this would not only overcome some of the problems associated 
with thermal cure (see chapter 1), but would also reduce the cost of production. At the 
commencement of this study, however, little or no work had been published on the e- 
beam cure of PETI materials. In this chapter, the potential e-beam curability of the 
phenylethynyl end-group is investigated, both as a terminating group in LaRC PETI-5 
and in a novel phenylethynyl-terminated polydimethylsiloxane (PET-PDMS).
The thermal cure mechanism of the PETI materials is thought to proceed by a 
predominantly free radical process^’^ ’"^. It is not unreasonable to assume, therefore, that 
irradiation of the PETI oligomers with a high-energy e-beam will initiate 
polymerisation and cross-linking reactions. Since PETI oligomers are solid at room 
temperature, it was thought that propagation of the free radical process might be a 
problem as the ambient temperature of the e-beam process might limit the mobility of 
the polymer chains and radicals during cure. With this in mind, PET-PDMS was 
synthesised from an amine-terminated siloxane and phenylethynyl phthalic anhydride, 
with a view to using the product as a reactive diluent in the e-beam cure of PETI-5. A 
siloxane was chosen as the reactive diluent due its low viscosity and excellent thermal 
stability^. The flexibility of the polysiloxane backbone makes it an ideal candidate for 
phenylethynyl end-capping as the resulting polymer is a liquid, allowing e-beam 
studies of the end-group without restricted mobility of the polymer chains.
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The effect of exposure of PET-PDMS to a laboratory scale e-beam as both neat resin 
and blends with PETI-5 is investigated and an attempt made to compare the thermal 
and e-beam cure mechanisms. The free radicals formed on irradiation of PET-PDMS 
probably arise from cleavage of the siloxane chain. These siloxane radicals may then 
go on to initiate cure of the ethynyl bond of another PET-PDMS molecule. A 
simplified scheme of the possible crosslinking process occurring during e-beam cure 
of PET-PDMS is given in Scheme 3-1. The effect of a thermal post-cure on e-beamed 
PET-PDMS and blends is also studied. Finally, PET-PDMS is blended with two 
different radical initiators to determine whether this could accelerate e-beam cure of 
the polymer. 50:50 blends of PET-PDMS with either azodicarbonamide or 
azoZ?wisobutyronitrile (AIBN) were prepared and their behaviour on exposure to a 
laboratory scale e-beam investigated.
"PDMS —
E-beam imudiation leads to finee 
radical formation (R'), probably by 
chain cleavage resulting in 
siloxane radicals.
O
Intermolecnlar b ending o ccurs 
at reactive sites inproximity to 
one another.
IDMS
The resulting conjlegatedpofyene structure.
Scheme 3-1 A schematic representation of the possible crosslinking process occurring
during e-beam cure of PET-PDMS^
Raman spectroscopy was used extensively for analysis in this work due to the strong 
absorption of the ethynyl bond, which is seldom visible clearly in infrared 
spectroscopy. For this reason, Raman spectroscopy is used more frequently than
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infrared in this study. Where appropriate, a multivariate analysis of the Raman data 
was carried out.
It should be noted at this point that as the project progressed concerns became raised 
over the efficiency of the laboratory scale e-beam apparatus. The e-beam cured resins 
less efficiently in the latter stages of the project, despite the electron gun settings 
being the same as in the earlier stages of the project. This was thought to be a result of 
the frequent need to change the filament in the electron gun causing the beam to 
become less well aligned. The efficiency of the beam was monitored using a set 
exposure time of a polymer whose behaviour in the beam was determined in the early 
stages of the project, namely a 30-minute exposure of PET-PDMS. This was used as a 
benchmark for the e-beam efficiency. Where the e-beam apparatus is operating at 
lower efficiency, this is noted in the text.
3.2 Experimental
3.2.1 Materials
PETI-5 poly(amic acid) solution 35% w/w in W-methylpyrrolidinone (NMP) and 
4-phenylethynyl phthalic anhydride (PEPA) were supplied by NASA Langley 
Research Centre. Aminopropyldimethyl-terminated polydimethylsiloxane 
(APDM-PDMS) with an approximate molecular weight of 2500 and a viscosity of 50 
cSt was obtained from Fluorochem. W-Methylpyrrolidinone and AIBN were obtained 
from Aldrich. Toluene was obtained from Fisher Chemicals. Azodicarbonamide was 
obtained from Fisher Scientific UK. All products were used as received.
3.2.2 Equipment
E-beam irradiations were carried out with an Oxford Applied Electronics EB50 
electron gun at pressures of 7 x 10'  ^ torr or less. Infrared spectra were obtained on a 
Perkin-Elmer System 2000 Fourier transform infrared (FTIR) spectrophotometer after 
averaging over 16 scans at a resolution of 4 cm '\ Neat samples were placed between 
NaCl plates for analysis. Raman spectra were obtained on a Perkin-Elmer System 
2000 NIR Fourier transform Raman (FT-Raman) spectrophotometer operating at 1064
56
nm from a Nd:YAG laser source. Raman spectra were collected after averaging over 
32 scans at a resolution of 4 cm '\ A laser power of between 480-800 mW was used. 
Samples were placed in glass vials for analysis. Multivariate analysis was carried out 
using ‘Unscrambler’ version 7.6 from Camo ASA. NMR spectroscopy was 
undertaken with a Bruker AC-300 spectrometer operating at 300.13 MHz with 
deuterated acetone (no TMS) as solvent. DSC data were obtained on a TA 
Instruments MDSC 2920 calorimeter. Samples were sealed in an aluminium pan for 
analysis and subjected to a heating rate of 1.5 K min'^ with a temperature modulation 
± 1 K under a nitrogen atmosphere with a flow rate of 40 ml m in '\ Thermal cures and 
post-cures were carried out in a John Godrich Co. programmable oven. All films were 
cast manually on glass using a 5 pm K-Bar unless otherwise stated.
3.2.3 Neat PETI-5 studies
3.2.3.1 Thermal cure and imidisation of PETI-5
Thin (~5 pm) films of LaRC-PETI-5 poly(amic acid) were cast on to clean, glass 
microscope slides and left to dry to a tack-free form in a desiccator. The dry films on 
glass were then thermally imidised for one hour at each of 100 °C and 200 °C and then 
at either 250 °C for 1, 2 or 4 hours, 275 °C for 1 or 2 hours or 300 °C for 1 or 2 hours. 
To fully cure PETI-5, samples were thermally cured for 1 hour at each of 100, 200, 
300 and 350 °C. The degree of imidisation and cure was determined using FT-Raman 
and FTIR spectroscopy.
3.2.3.2 Electron-beam cure of PETI-5
Thin films (~5 pm) of the poly(amic acid) solution of LaRC-PETI-5 were cast on to 
clean glass slides and dried to a tack-free form in a vacuum desiccator. The films on 
glass were then thermally imidised for one hour at each of 100, 200 and 250 °C and 
then allowed to cool slowly to room temperature. The imidised films were irradiated 
with a 25 keV e-beam with an emission current of -70 pA for 4 hours. Samples were 
analysed by FT-Raman spectroscopy.
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3.2.3.3 Thermal post-cure of electron-beam exposed PETI-5
Thin films (~5 pm) of the poly(amic acid) solution of LaRC-PETI-5 were cast on to 
clean glass slides and dried to a tack-free form in a vacuum desiccator. The films on 
glass were then thermally imidised for one hour at each of 100, 200 and 250 °C and 
then allowed to cool slowly to room temperature. The imidised films were irradiated 
with a 25 keV e-beam with an emission current of -52 pA for 4 hours. The irradiated 
films were then immediately placed in a hot oven and thermally post-cured at 250 °C 
for two hours. Samples were analysed by FT-Raman spectroscopy.
3.2.4 Neat PET-PDMS studies
3.2.4.1 Synthesis of PET-PDMS
4-Phenylethynylphthalic anhydride (2.48 g, 0.01 mol) was added to 
aminopropyldimethyl-terminated polydimethylsiloxane (12.65 g, 5.05 x 10'  ^ mol) in 
A-methylpyrrolidinone (NMP) (50 ml, 0.52 mol) and the reaction mixture stirred for 
18 hours under nitrogen. Toluene (15 ml) was then added to the reaction mixture and 
the solution refluxed with a Dean and Stark trap for 6  hours under nitrogen.
The reaction mixture was extracted with dichloromethane (DCM) and the extracts 
washed with water to remove the NMP. The DCM layer was dried over magnesium 
sulphate, filtered and the solvent removed on a rotary evaporator. An orange-brown 
viscous liquid was obtained (10.60g, 70% yield) and left in an oven at 60 °C 
overnight to remove any traces of solvent. Elemental analysis calculated for 
Cio6 H2 2 sN2 0 3 5 Si3 2 : C 42.07 %; H 7.54 %; N 0.93 %; found: C 41.04 %; H 8.04 %; N 
0.69 %. IR (NaCl plates) 2214 cm'  ^ (w, ethynyl), 1772 cm'^ (m, imide) 1720 cm'^ (s, 
imide), 1261 cm'  ^ (s, Si-CHj), 1092 cm'  ^ (s, Si-0).
3.2.4.2 Electron-beam cure of PET-PDMS
Thin (5 pm) films of PET-PDMS were cast on to clean, glass microscope slides and 
irradiated with a 25 keV beam and an emission current o f -53 pA for 0.5, 1 , 2, 4, 6  or 
8  hour exposures under a pressure of -7  x 10'  ^Torr. Cured films were removed from 
the slides with a spatula and analysed by FT-Raman spectroscopy.
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3.2.4.2.1 Thermal analysis o f  electron-beam cured PET-PDMS
Approximately 5 mg of PET-PDMS exposed to a 25 keV e-beam for two hours were 
sealed in an aluminium pan and subjected to a heating rate of 1.5 K min  ^ with a 
temperature modulation ± 1 K under a nitrogen atmosphere with a flow rate of 40 ml 
min \  An initial scan was taken from -120 to 500 °C. Subsequently, a sample was 
heated from room temperature to 400 °C, rapidly quenched and then reheated to 
500 °C.
3.2.4.3 Thermal cure of PET-PDMS
Small amounts of PET-PDMS were placed in clean glass vials and heated for 2 hours 
at 100 °C, 150 °C, 200 °C, 250 °C, 300 °C, 325 °C or 350 °C. The samples were then 
analysed by FT-Raman spectroscopy.
3.2.5 Blends with PETI-5
3.2.5.1 Preparation of PETI-5/ PET-PDMS blends
The required amounts (see Table 3.1) of PET-PDMS and 35% w/w PETI-5 poly(amic 
acid) solution in NMP were manually mixed together in a clean glass vial. The blends 
were cast on to clean glass slides and left to dry in a vacuum desiccator. The films on 
glass were then thermally imidised for one hour at each of 100, 200 and 250 °C.
Blend (mol%) Mass of components (g)
Mol% PETI-5 Mol% PET-PDMS Mass 35% PETI-5 
Poly(amic acid) (g)
Mass PET-PDMS (g)
95 5 1.5 0.017
75 25 1.5 0.106
50 50 1 . 0 0 . 2 1 2
Table 3.1 Preparation of 95:5, 75:25 and 50:50 PETI-5/ PET-PDMS blends
3.2.5.2 Electron-beam cure of PETI-5/ PET-PDMS blends
Pre-imidised films on glass of PETI-5/PET-PDMS (see section 3.2.5.1) were 
irradiated with a 25 keV beam and an emission current of -60 pA for 2 or 4 hours. 
Cured films were removed from the slides and analysed by FT-Raman spectroscopy.
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3.2.5.3 Thermal cure of PETI-5/ PET-PDMS blends
Thin films of PETI-5/ PET-PDMS (50:50 and 75:25) were cast on to clean glass 
slides and left to dry in a vacuum desiccator. The films on glass were then heated for 
one hour at each of 100, 200 and 250 °C followed by one hour at either 275, 300, 325 
or 350 °C. The films were allowed to cool slowly to room temperature. Samples were 
removed from the slides and analysed by FT-Raman spectroscopy.
3.2.5.4 Thermal post-cure of e-beam exposed PETI-5/ PET-PDMS blends
Pre-imidised films on glass of PETI-5/ PET-PDMS (50:50 and 75:25) (see section 
3.2.5.1) were irradiated with a 25 keV e-beam and an emission current of -53 pA for 
4 hours. The irradiated films were then immediately placed in a hot oven and 
thermally post-cured at 250 °C for one or two hours. Samples were removed from the 
slides and analysed by FT-Raman spectroscopy.
3.2.6 Blends of PET-PDMS with free radical initiators
3.2.6.1 PET-PDMS/ AIBN blend
3.2.6.1.1 Preparation o f50:50 mol% PET-PDMS/AIBN blend
PET-PDMS (1 g, 3.36 x 10'"^  mois) and AIBN (1 g, 3.36 x 10'"^  mois) were manually 
mixed together in a clean glass vial.
3.2.6.1.2 Electron-beam cure o f PET-PDMS/ AIBN blend
Thin films of PET-PDMS/ AIBN (50:50) blend were cast onto clean glass slides and 
exposed to a 25 keV e-beam with an emission current of -53 pA for 30, 60, or 120 
minutes. Samples were removed from the slides and analysed by FT-Raman 
spectroscopy.
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3.2.6.2 PET-PDMS/ azodicarbonamide blend
3.2.6.2.1 Preparation o f50:50 mol% PET-PDMS/azodicarbonamide blend 
PET-PDMS (1 g, 3.36 x ICT^  mois) and azodicarbonamide (0.039 g, 3.36 x 10'"^  mois) 
were manually mixed together in a clean glass vial.
3.2.6.2.2 Electron-beam cure o f PE T-PDMS/ azodicarbonamide blend
Thin films of PET-PDMS/ azodicarbonamide (50:50) blend were cast on to clean 
glass slides and exposed to a 25 keV e-beam with an emission current o f -53 pA for 
30, 60 or 120 minutes. Samples were removed from the slides and analysed by FT- 
Raman spectroscopy.
3.3 Results and discussion
3.3.1 Neat PETI-5 studies
3.3.1.1 Thermal cure of PETI-5
It has been reported that LaRC PETI-5 is fully cured after one hour at 350 °C and that 
no further reaction occurs higher than this temperature prior to degradation6,7. 
Accordingly, thermal cure of the PETI-5 material in this study was carried out at 
350 and any material treated at this temperature can be considered to be fully 
cured.
Figure 3.1 shows the Raman spectrum of a sample of fully thermally cured neat PETI- 
5. A significant feature of the spectrum is the absence of the ethynyl absorption at 
around 2213 cm '\ due to the consumption of these bonds during cure. Other 
significant features of the spectrum include the aromatic carbon-hydrogen stretch at 
around 3060 cm '\ absorption of the imide carbonyl at 1775 cm’  ^ and the strong 
aromatic carbon-carbon absorption at 1618 cm'\ The area where the ethynyl 
absorption would appear in the uncured material appears noisy in all spectra run of 
thermally cured PETI-5. It proved somewhat difficult to obtain a reasonable Raman 
spectrum of cured PETI-5 due to the dark colour of the polymer absorbing much of 
the heat of the laser. This is the reason for the baseline drift in the spectrum. The 
spectrum of fully thermally cured PETI-5 is given to serve as a reference with future 
sections in this work.
61
35
25  ■
4001900 1400 90024003400 2900
Raman Shift (cm-1)
20
Am1900 1400 9002900 24003400
Raman shift /  cm-1
Figure 3.1 Raman spectra of PETI-5; un-cured PETI-5 (top spectrum) and fully 
thermally cured PETI-5 (bottom speetrum)
3.3.1.2 Effect of temperature on the imidisation of PETI-5
The appearance of an absorption at around 1770 cm '\ corresponding to the stretching 
vibration of the imide carbonyl group, is indicative of successful ring elosure of PETI- 
5 polyamic acid. A greater absorption of this bond will indicate a higher imide 
concentration. Given that the imidisation of PETI-5 polyamic acid is normally carried
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out for 1 hour at 300 °C, the spectrum of a sample exposed to these conditions could 
be considered that of the fully imidised material.
The Raman spectra of PETI-5 polyamic acid films imidised for various periods of 
time at 300 °C, 275 °C and 250 °C (Figure 3.2) appear similar. When the imide 
carbonyl absorption at -1770 cm'^ is considered in relation to nearby absorptions, it is 
clear that the ratio does not change with temperature or length of heating. It would 
seem that the same degree of imidisation is achieved with 1 hour at 250 °C as with 1 
hr at 300 °C (fully imidised material).
2 hrs @ 275 C
In t
4 hrs @  250 C
2 hrs @ 250 C
100.05001500 100020003500.0 3000
Raman S h ift / cm-1
Figure 3.2 Raman spectra of PETI-5 polyamic acid imidised at various temperatures
The imide carbonyl absorption is more intense in infrared spectroscopy than Raman. 
Infrared spectra of the imidised samples were therefore run in order to give a more 
accurate depiction of the degree of imidisation. The infrared spectra were obtained 
using the Attenuated Total Reflectance (ATR) technique, which is why they are noisy 
at the high wavenumber regions (see Figure 3.3). The infrared data confirm the 
conclusion drawn from the Raman spectra that one hour at 250 °C is sufficient to fully 
imidise PETI-5. This information was particularly useful in determining the 
temperature at which to prepare the PETI-5 blends (see Section 3.2.5).
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Figure 3.3 Infrared spectra of PETI-5 polyamic acid imidised at various temperatures 
3.3.1.3 Electron-beam cure of PETI-5
It is abundantly clear from the Raman spectra of PETI-5 before and after e-beam 
irradiation (see Figure 3.4) that neat PETI-5 is not e-beam curable. Despite being 
exposed to the e-beam for four hours, there is no diseemible difference between the 
speetrum of unexposed PETI-5 and that of the e-beam exposed sample. Significantly, 
there is no reduction in the ethynyl absorption at 2214 em '\ which would be expected 
if any cure reactions had taken place. To all appearances the spectra are identical.
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i
After 4 hr e-beam exposure
10060011002100 160026003100
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Figure 3.4 Raman spectra of PETI-5 before and after exposure to a 25 keV e-beam
In addition to the Raman spectra, a visual comparison of e-beam-irradiated PETI-5 
with films of the thermally-cured material suggested that no crosslinking reactions 
had occurred in the e-beam exposed sample. The thermally-cured sample is tough, 
scratch resistant {i.e. is not scratched by a fingernail) and amber brown in colour, 
compared with the e-beam-irradiated sample, which looks identical to an imidised 
sample of PETI-5, i.e., the film is brittle, flakes easily and is yellow in colour.
The evidence clearly shows that PETI-5 is itself not e-beam curable. This may be due 
to the solid state of the imidised films limiting the mobility of the polymer chains and 
radicals during e-beam irradiation, thus preventing any potential crosslinking 
reactions. It is likely that a reactive diluent is needed to alter the rheology of the PETI 
resin before it would be possible to cure it with e-beams.
3.3.1.4 Thermal post-cure of electron-beam exposed PETI-5
Although PETI-5 is not directly e-beam curable, when an e-beamed sample of the 
material is subsequently thermally post-cured some crosslinking does appear to take 
place. Raman analysis of a sample of PETI-5 exposed to an e-beam for 4 hours and 
then thermally post-cured for two hours at 250 °C reveals a slight drop in ethynyl
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concentration (see Figure 3.5). The ratios of the peak area of the ethynyl absorption to 
the areas of three other absorptions in the Raman speetrum were taken. The 
absorptions chosen for eomparison were the aromatic C-H stretch at 3076 c m \  the 
imide earbonyl streteh at 1776 em'^ and the aromatie C-C absorption at 1613 em '\ all 
ehosen as they were thought to remain unchanged during cure. The peak area ratios 
revealed a eonsistent 8  % drop in ethynyl eoncentration in e-beamed PETI-5 after the 
thermal post-eure, suggesting that trapped radieals from the e-beam exposure ean 
initiate crosslinking reactions when heated. Although this is not a dramatie reduction 
in ethynyl bonds, it does suggest that redueed temperature curing of PETI-5 may be 
possible with the aid of more powerful e-beams.
no postcure
INT
2 hr postcure @ 250 C
3500.0 3000 2000 1500 1000
Raman Shift /  cm-1
500 100.0
Figure 3.5 Raman speetra of PETI-5 exposed to an e-beam for four hours, with and
without a thermal post-eure.
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3.3.2 Neat PET-PDMS studies
3.3.2.1 Synthesis of PET-PDMS*
ÇH3 ÇH3 ÇH
Si— 0 - - S i - 0 -1
CH3 _C H , _ nCH
Figure Phenylethynyl-terminated polydimethylsiloxane
A phenylethynyl-terminated polydimethylsiloxane (PET-PDMS) (Figure 3.6) was 
synthesised by the reaction of aminopropyldimethyl-terminated polydimethylsiloxane 
(molar mass 2500) with 4-phenylethynylphthalic anhydride to produce a poly(amic 
acid) which was subsequently heated azeotropically to give the imide (Figure 3.7). 
Infrared and Raman spectra (Figure 3.8 and Figure 3.9 respectively) confirm the 
formation of PET-PDMS. The imide carbonyl stretches at 1770 cm'^ and 1772 cm'  ^
are indicative of successful end-capping of the polydimethylsiloxane and confirm that 
ring closure has taken place. The high intensity of the ethynyl peak (2215 cm'^) in the 
Raman spectrum is of particular use to this study. Assignment tables for the spectra 
are given Table 3.2.
The manufacturer o f  APDM-PDMS did not specify the position o f  the methyl groups in the 
aminopropyldimethyl portion o f  the polymer. The methyl positions in PET-PDMS are therefore shown 
in the most likely position. However, NMR analysis o f  PET-PDMS (see Figure 3.10 and discussion 
thereof) suggests there may be no methyl groups on the ‘aminopropyldimethyl’ portion o f  
APDM-PDMS.
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Phenylethynyl-terminated polydimethylsiloxane
Figure 3.7 Synthesis of a phenylethynyl-terminated polydimethylsiloxane
(PET-PDMS)
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Figure 3.8 Infrared spectrum of PET-PDMS
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Figure 3.9 Raman spectrum of PET-PDMS
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I R c m ‘ “ Raman cm'^ * Assignment *
2963 s 2966 m C -H  str
2907 j C -H  str
2213 Yw 2215 vs C = C  str
1772 m 1774m-w C O -N -C O
1770 vs C O -N -C O
1617 m 1613 5 Ar C -C  str
1599 5 Ar C -C  str
1494 m Ar C -C  str
1441 w C H 3 bend
1261 vs S i-C H s
1192 m Overtones?
1175 m Overtones?
1092 vj" S i-O -S i
1089 m Overtones?
1 0 0 0  vs S i-O -S i
1 0 0 0  m Ar C -C  str
800 vs S i-O -S i
485 m S i-O -S i
 ^ = very strong, s = strong, m = medium, w = weak, vw = very weak
 ^Ar = aromatic, str = stretching vibration, bend = bending vibration 
Table 3.2 Spectral assignments for PET-PDMS
The NMR speetrum of PET-PDMS is shown in Figure 3.10 (see also Table 3.3). 
The Si-CHs signals from the siloxane chain are clearly visible, as are the expected 
aromatie and aliphatic signals. However, there is some indication from this spectrum 
that there may be no methyl groups on the ‘propyldimethyF portion of the end-group, 
suggesting that the manufacturer of the starting material may have supplied 
aminopropyl-terminated polydimethylsiloxane instead of aminopropyldimethyl- 
terminated polydimethylsiloxane. However, the presence of absence of these groups is 
unlikely to have any significant effect on the behaviour of PET-PDMS.
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Peak Shift (p.p.m.) Assignment
0.08 Si-CHs
0.60 Aliphatic protons from propyldimethyl group
2.04 D6 -Acetone
2.72 Water in acetone?
3.63 Aliphatic protons from propyldimethyl group
7.45-7.95 Aromatie protons in end-group
Table 3.3 NMR assignments for PET-PDMS
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Figure 3.10 NMR spectrum of PET-PDMS
Owing to the flexibility of the siloxane backbone, PET-PDMS was a viscous liquid at 
room temperature. This should allow a greater mobility of chains and radicals in the 
polymer when exposed to an e-beam, the lack of which was thought to hinder e-beam 
cure of PETI-5.
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3.3.2.2 Electron-beam cure of PET-PDMS
Thin films of PET-PDMS were exposed to a 25 keV e-beam for increasing periods of 
time. The Raman spectra of e-beam exposed PET-PDMS (see Figure 3.11) indicate 
that the ethynyl bond is susceptible to e-beam cure. After just a 15-minute exposure to 
the e-beam, there is a dramatic reduction in the intensity of the absorption 
corresponding to the ethynyl bond (-2213 cm" )^. The intensity of the absorption 
continues to drop the longer the film is exposed to the e-beam, with cure seeming to 
be complete by around 2-4 hours. This reduction in intensity would suggest 
crosslinking has occurred through the ethynyl bond. The formation of a polyene 
structure might have been confirmed by the appearance of aliphatic C=C absorptions 
at -1600 cm unfortunately, this area of the spectrum is obscured by aromatic 
carbon-carbon stretches.
0 mins
15m ins
I h r
Int
2 hrs
4  hrs
hrs
100.05001500 100020003500.0 3000
Raman Shift /  cm-1
Figure 3.11 Raman spectra of the products of e-beam cure of PET-PDMS
There is an appreciable drop in ethynyl bonds in the first 30 minutes of exposure, with 
approximately 67 % of unreacted ethynyl bonds remaining after this time. There is 
also a reduction in the fluorescence produced on irradiation during this time. When 
first exposed to the e-beam, the PET-PDMS films produced a strong blue
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fluorescence. By 15 minutes, the fluorescence had reduced quite dramatically and by 
30 minutes, the film was no longer fluorescing at all.
There is a noticeable change in physical appearance that accompanies the reduction of 
ethynyl bonds. Before irradiation, the PET-PDMS is an orange-brown viscous liquid. 
After a 15-minute exposure, a pale yellow solid is obtained. The 8  hour-exposed 
product is a pale orange solid. This would seem to indicate that the phenylethynyl 
end-group is e-beam curable.
It is clear from the Raman spectra of e-beam exposed PET-PDMS (Figure 3.11) that 
the ethynyl bond is susceptible to e-beam cure. In addition to the dramatic reduction 
in the ethynyl absorption on increased e-beam exposure, a number of other spectral 
differences are also apparent. The aromatic band at 1598 cm'^ also appears to 
decrease on increased exposure to the e-beam and the series of absorptions between 
1010 and 1300 cm'^ (possibly overtones) also decreases. Perhaps surprisingly, the 
aliphatic C-H stretching absorptions at around 2900 cm'^ appear to be unaffected by 
the e-beam. Given the general behaviour of siloxanes on exposure to radiation (see 
Figure 3.12), it would not be unreasonable to consider the C-H bond amongst the 
most susceptible in PET-PDMS to the e-beam. However, this does not appear to be 
borne out in practice.
- ( - S i - O ^ -  +  CH3
CH,
— Si-Q—]— +  H 
CH,
, ?^ 3
- ( - S i - O - j -
CH3
(CH3)2Si- 0  • + • Si(CH3)2
Figure 3.12 Some of the radicals formed on exposure of siloxanes 
to high energy radiation^
Principal Component Analysis (PCA) of the Raman spectra of the e-beam cured PET- 
PDMS (see Figure 3.13) indicates that the loss of the ethynyl bond accounts for 73% 
of the variance in the time data. Hence, it is clearly the most significant feature in the 
e-beam cure of PET-PDMS. This is confirmed by the good correlation coefficient of
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0.9907 for ‘predicted’ versus ‘measured’ irradiation time. However, the analysis also 
revealed other bonds which are negatively correlated with increased exposure time, 
namely the aromatic absorption at 1613 cm'^ and the Si-O-Si absorption at 485 cm '\
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Figure 3.13 Principal component analysis (PCA) of the Raman spectra of the e-beam 
cure of PET-PDMS. a) (top left) A plot of principal component (PC) 1 against PC2. 
b) (top right) Linear combination of PCs that form the regression coefficient against 
radiation time, c) (bottom left) Amount of variance in the radiation time explained by 
each of the PCs. d) (bottom right) ‘Predicted’ v& ‘measured’ radiation time.
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Figure 3.14 This diagram shows the actual PCs from the PCA of e-beam cured PET- 
PDMS. (top left) PCI. b) (top right) PC2. c) (bottom left) PCS. d) (bottom 
right) PC4.
The loss of Raman absorptions other than the ethynyl absorption is difficult to explain 
without more information. The Si-O-Si bonds might be relatively easily cleaved by an 
e-beam, so this would account for the loss of siloxane bonds. The decrease in the 
aromatic absorption is less easy to explain, although a recent study involving a model 
aryl ether imide with a phenylethynyl moiety may provide some clues^. The model 
compound was used to study the thermal cure reactions of the phenylethynyl end- 
group. In addition to the expected cure products, e.g. dimers, trimers, etc. of the 
starting material, a number of low molecular weight fragments containing aliphatic 
protons in place of the phenylethynyl group were produced (see Chapter 1, 
Figure 1.8). These fragments are side-products and are not thought to be involved in 
the main curing reactions and it has been suggested that radical abstraction of 
aromatic hydrogen takes place after the majority of ethynyl bonds have reacted.
It is possible that the loss of the aromatic absorption may be a result of toluene type 
fragments forming in the e-beam^. These would naturally evaporate under the low
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pressure of the sample chamber and would result in an overall reduction of aromatic 
groups. The use of the high vacuum system could therefore be having an effect on the 
course of the e-beam curing reaction by facilitating the formation and loss of low 
molecular weight fragments arising from equilibrium processes. There could also be 
an effect on the curing mechanism due to an absence of oxygen during e-beam 
exposure as oxygen has the potential to inhibit free radical reactions, though this is 
not thought to be a problem at high dose rates^ .^
A plot of the normalised peak ratios of the ethynyl Raman absorption and the aliphatic 
C-H absorption at 2906 cm'^ against time provides useful information about the 
course of the e-beam cure reaction of PET-PDMS (see Figure 3.15). The ethynyl bond 
can be seen to decrease most rapidly in the first two hours of exposure. However, the 
value recorded at 2  hours appears to be slightly anomalous, suggesting that the 
ethynyl bond is somehow reformed during the later stages of cure. This is likely to be 
experimental error and as such the value is disregarded in the simple kinetic study that 
follows.
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Figure 3.15 Loss of ethynyl group concentration on increased e-beam
exposure of PET-PDMS
Figure 3.16 and Figure 3.17 are second and first order plots for the loss of the ethynyl 
bond in the e-beam cure of PET-PDMS. The normalised peak area ratios were used in 
the calculations. The normalised peak areas were obtained by taking the ratio of the 
ethynyl absorption to an absorption that was thought to be unaffected by irradiation. 
The ratio of the two peak areas in uneured PET-PDMS thus corresponds to an ethynyl 
concentration of 100 %. Any decrease in the ethynyl concentration will 
correspondingly bring about a decrease in the peak area ratio. The normalised peak 
area ratios can therefore be considered to be linearly related to concentration.
Neither plot could be said to fit the data more closely than the other, suggesting that 
the kinetics of e-beam cure are more complex than this simple study can reveal. 
However, there does appear to be some indication that there are two reactions taking 
place at different stages during the course of the irradiation. The first mechanism 
takes place in the first hour as indicated by the steeper slope of the graphs. The slopes 
of the lines become less steep after four hours, suggesting a second mechanism may 
be dominating.
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Figure 3.16 2"  ^order plot of ethynyl group consumption for the 
e-beam cure of PET-PDMS
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Figure 3.17. order plot of ethynyl group consumption for the
e-beam cure of PET-PDMS
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3.3,2.2.1 Thermal analysis o f  electron-beam cured PET-PDMS
A modulated DSC analysis was carried out on a sample of PET-PDMS exposed to an 
e-beam for two hours. An initial scan from -120 °C to 500 °C did not show evidence 
of a glass transition for the PDMS chain below 0 °C. Subsequently, a sample of the e- 
beam exposed PET-PDMS was heated from room temperature to 400 °C, rapidly 
quenched and then subjected to a second scan from 0 to 500 °C. The total, non­
reversing and reversing heat flow DSC traces are given in Figure 3.18 and Figure 3.19 
(a and b).
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Figure 3.18 Total heat flow MDSC trace of e-beam cured PET-PDMS 
(Top line -  first run; bottom line -  second run)
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Figure 3.19 MDSC traces of e-beam cured PET-PDMS. a) Non-reversing heat flow 
(Top line -  first run; bottom line -  second run); b) Reversing heat flow 
(Top line -  second run; bottom line -  first run).
Analysis of the total heat flow DSC trace (Figure 3.18) reveals an exotherm at around 
6 6  °C and an apparent Tg at 94 °C. It is not possible to assign the latter transition with 
certainty as it appears both in the non-reversing and, to a lesser extent, in the 
reversing heat flow DSC traces (Figure 3.19). Other exothermie transitions can be 
seen at 155 °C and 329 °C, the second of which is probably due to the thermal eure of 
residual ethynyl groups in the e-beam exposed PET-PDMS. The second run, from 0 to 
500 °C shows few characteristics other than probable polymer degradation starting at 
around 400 °C. It is very difficult to interpret these DSC traces with any reasonable
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degree of certainty, but they do seem to suggest that degradation of the PDMS chain 
has occurred on e-beam exposure. This is consistent with the loss of the siloxane 
absorption detected in the Raman spectra of samples of e-beam exposed PET-PDMS.
3.3.2.S Thermal cure of PET-PDMS
Samples of neat PET-PDMS were heated for 2 hours at various temperatures to 
investigate the thermal cure of the material and to allow a comparison with e-beam 
cured PET-PDMS. The Raman spectra of thermally cured PET-PDMS are given in 
Figure 3.20.
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Figure 3.20 Raman spectra of the products of thermal cure of PET-PDMS
The thermal cure of PET-PDMS again occurs through the ethynyl bond, as evidenced 
by the Raman spectra of the thermally cured material (see Figure 3.20). A plot of the 
normalised peak ratios of the ethynyl Raman absorption and the aliphatic C-H 
absorption at 2906 cm'  ^ against temperature provides useful information about the 
course of the thermal cure reaction of PET-PDMS (see Figure 3.21). Cure appears to 
be initiated at lower temperatures than are seen in PETI-5. Cure of PET-PDMS has 
clearly begun to take place by 250 °C and proceeds rapidly by 325 °C. In PETI-5, on 
the other hand, cure proceeds most effectively around 350 °C This reduction in
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cure temperature may be due to the lower viscosity of PET-PDMS and hence 
increased molecular mobility introduced by the siloxane units.
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Figure 3.21 Loss of ethynyl concentration on thermal cure of PET-PDMS
PCA of the Raman spectra of thermally cured PET-PDMS (see Figure 3.23) reveals 
that the loss of the ethynyl bond accounts for 78% of the variance in the time data and 
91% of the variance in the spectral data. This confirms that crosslinking via the 
ethynyl bond is by far the most significant feature in the thermal cure of PET-PDMS. 
There is a very good correlation coefficient of 0.98 for ‘predicted’ versus ‘measured’ 
irradiation time, again showing the loss of the ethynyl bond to be the main reaction in 
the thermal cure of PET-PDMS.
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Figure 3.22 Principal Component Analysis (PCA) of the Raman spectra of the 
thermal cure of PET-PDMS. a) (top left) A plot of PCI against PC2. b) (top right) 
Linear combination of PCs that form the regression coefficient against radiation time, 
c) (bottom left) The actual PCs d) (bottom right) ‘Predicted’ vs. ‘measured’ 
temperature.
Figure 3.23 and Figure 3.24 are second and first order plots for the loss of the ethynyl 
bond in the thermal cure of PET-PDMS. The normalised peak ratios were used in the 
calculations. As discussed in section 3.3.2.2, these ratios can be considered to be 
linearly related to concentration. Neither plot could be said to yield a straight line, 
indicating that the kinetics of thermal cure are more complex than this simple study 
can reveal. The plots do show a change in the kinetics of the reaction taking place at 
around 250 °C, probably as a result of the ethynyl groups starting to react at this 
temperature.
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Figure 3.23 2"  ^order plot of ethynyl consumption for the thermal cure of PET-PDMS
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Figure 3.24 1®^ order plot of ethynyl consumption for the thermal cure of PET-PDMS
There are quite obvious differences between the thermal and e-beam cure mechanisms 
of PET-PDMS. Aside from the loss of the ethynyl bond, the aromatic bond at 
1598 cm'^ also appears to decrease on increased exposure to the e-beam. This is not 
evident in thermal cure. In addition, the series of absorptions between 1010 and 
1300 em'^ that decreases on increased e-beam exposure does not do so in the thermal
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reaction. In addition, thermally cured PET-PDMS is quite rubbery, in contrast to the 
more brittle e-beam cured material. This indicates that the siloxane backbone is not 
cleaved in the thermal cure mechanism as it appears to be in the e-beam mechanism.
Another noticeable difference between the e-beam and thermal cure of PET-PDMS 
can be seen upon closer examination of the ethynyl absorption in the Raman spectra 
of thermally and e-beam cured PET-PDMS (Figure 3.25 a) and b) respectively). The 
ethynyl absorption is not seen as a single peak, but rather as two closely overlapping 
peaks (probably due to Fermi resonance^^). In the thermal cure of PET-PDMS, the 
ratio of these two overlapping peaks remains constant throughout the cure. In e-beam 
cure, however, the ratio of the two ethynyl peaks changes in an apparently random 
manner. This may suggest that the environment around the ethynyl groups changes 
more dramatically in e-beam cure than in thermal cure. It also suggests that e-beam 
cure is more complex mechanistically than thermal cure. Further studies are required 
to elucidate the thermal and e-beam cure mechanisms of PET-PDMS.
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Figure 3.25 Ethynyl Raman absorptions on cure a) Thermal cure b) E-beam cure.
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3.3.3 Blends with PETI-5
3.3.3.1 Electron-beam cure of blends
Although PETI-5 cannot be e-beam cured, the phenylethynyl end-group has been 
shown to be e-beam curable when attached to a siloxane backbone. It was thought that 
PET-PDMS could be used as a reactive diluent in blends with PETI-5 in order to 
initiate crosslinking of the phenylethynyl end-group in the resin. Blends of PETI-5/ 
PET-PDMS (95:5, 75:25 and 50:50 mol%) were imidised and exposed to a 25 keV e- 
beam. Initially, two-hour exposures were carried out as this had been shown to be the 
optimum cure time in the e-beam cure of neat PET-PDMS.
Initial studies of PET-PDMS as a reactive diluent in the e-beam cure of PETI-5 
showed promise. Raman studies revealed a slight, but noticeable, drop in ethynyl 
concentration of the 75:25 and 50:50 PETI-5/ PET-PDMS blends after a two-hour e- 
beam exposure. The cure of the blends was noted to be less dramatic than that of neat 
PET-PDMS and it was thought that this might be due to the decreased mobility of the 
radicals and chains in the blends. It was suggested that longer cure times might be 
needed to achieve a greater degree of cure. Accordingly, thin films of the blends were 
irradiated with the e-beam for double the original cure time, i.e. 4-hours, in order to 
determine whether longer cure times resulted in a greater degree of cure. The Raman 
spectra of the e-beam cured PETI-5 PET-PDMS blends are given in Figure 3.26 (95:5 
blend). Figure 3.27 (75:25 blend) and Figure 3.28 (50:50 blend).
86
0 mins
2hrs
Int
4hrs
100.01500 50010003500.0 3000 2000
Raman Shift /  cm-1
Figure 3.26 Raman spectra of the products of e-beam cure of 
PETI-5/ PET-PDMS (95:5) blend
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Figure 3.27 Raman spectra of the products of e-beam cure of 
PETI-5/ PET-PDMS (75:25) blend
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Figure 3.28 Raman spectra of the products of e-beam cure of 
PETI-5/ PET-PDMS (50:50) blend
The increased cure time had no apparent effect on the 95:5 PETI-5/ PET-PDMS 
blend, with the Raman spectrum of the 4-hour exposed blend being similar to that of 
the unexposed blend (Figure 3.26). Both the 75:25 and 50:50 PETI-5/ PET-PDMS 
blends showed a greater degree of cure after a 4-hour exposure when compared with a 
2-hour exposure. An examination of the Raman spectra of the cured blends reveals 
that the rate of loss of the ethynyl absorption is remarkably similar in the 50:50 blend 
(Figure 3.28) and the 75:25 blend (Figure 3.27). After a 2-hour exposure to the e- 
beam, the ethynyl content of the 50:50 blend had fallen to 77 % of the unexposed 
concentration compared with 78 % in the 75:25 blend (all normalised to the carbonyl 
absorption at 1776 em'^). After a 4-hour exposure, the ethynyl content had fallen by a 
further 6  % to 71 % in the 50:50 blend and 72 % in the 75:25 blend. Doubling the 
e-beam exposure time does not dramatically increase the rate of cure, with the degree 
of cure dropping from 2 2  % in the first two-hours, to only 6  % in the next two hours. 
This would suggest that longer cure times are likely to result in even smaller advances 
in the rate of reaction and would therefore be unlikely to result in complete cure.
Although it is possible that the loss of the ethynyl absorption could be due simply to 
the reaction of the PET-PDMS end-groups in the blends, the similarity in the rate of 
ethynyl loss of the 75:25 and 50:50 blends suggests this is not the case. If just the
PET-PDMS end-groups alone were reacting, one would expect to see a greater loss of 
the ethynyl absorption in the 50:50 blend where the proportion of these groups is 
higher. However, there may be other reactions, such as scission of the PET-PDMS 
backbone, that may be more numerous in the 50:50 blend. Although the loss of the 
ethynyl absorption is the same for the 75:25 and 50:50 blends, an inspection of the 
Raman spectra of the e-beam cured blends reveals that the spectrum of the 4-hour 
exposed sample of 50:50 PETI-5/ PET-PDMS shows more baseline drift than the 
75:25 blend exposed for the same time period.
Although at higher concentrations PET-PDMS does have some success as a reactive 
diluent in the e-beam cure of PETI-5, the loss of the ethynyl bond is still much less 
dramatic than is seen in the e-beam cure of neat PET-PDMS. A 2-hour e-beam 
exposure of PET-PDMS results in almost total cure. In contrast, even a 4-hour 
exposure of the PETI-5/ PET-PDMS blends leaves a relatively high concentration of 
unreaeted ethynyl groups, with longer cure times likely to prove of little use in 
promoting further cure. One reason for this might be the decreased mobility of the 
polymer chains and radicals as cure progresses. The more erosslinked the system, the 
harder it becomes for the radicals to ‘meet’. A second and more likely explanation is 
the large number of aromatic groups in PETI-5. Aromatic rings are known to absorb 
much of the energy of e-beams, thus making groups with large numbers of them very 
difficult to e-beam eure^ .^ A thermal post-eure of e-beamed blends at a temperature 
lower than the normal thermal cure temperature of PETI-5 may result in further 
reaction of the ethynyl groups and will be discussed in a Section 3.3.3.3.
3.3.3.2 Thermal cure of blends
Having determined that PET-PDMS has a positive effect on the e-beam cure of PETI- 
5, it remained to be seen whether it could have a similar effect on the thermal cure of 
PETI-5. It had already been determined that PET-PDMS begins thermal cure at lower 
temperatures than PETI-5, so it was thought possible that it might have an effect on 
the cure temperature of PETI-5 when blended. 50:50 and 75:25 blends of PETI-5/ 
PET-PDMS were imidised and then exposed to increasing temperatures for one hour 
in an effort to determine the rate of loss of the ethynyl bond. The Raman spectra of
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the thermally cured blends are given in Figure 3.29 (75:25 blend) and Figure 3.30 
(50:50 blend).
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Figure 3.29 Raman spectra of the products of thermal cure of PETI-5/ PET-PDMS
(75:25)
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Figure 3.30 Raman spectra of the products of thermal cure of PETI-5/ PET-PDMS
(50:50)
Analysis of the Raman spectra of the thermally cured PETI-5/ PET-PDMS blends 
reveals that PET-PDMS has a slight effect on the cure of PETI-5. The loss of the 
ethynyl absorption is slightly higher at lower cure temperatures in the blends when
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compared with neat PETI-5. At 300 °C there is no difference in the rate of ethynyl 
loss of the 75:25 blend and neat PETI-5, although the rate of loss in the 50:50 blend is 
slightly higher with the concentration of ethynyl bonds being 74 % of the initial value 
compared with 79 % in the 75:25 blend and the neat resin. At 325 °C, the ethynyl 
concentration can be seen to have dropped to 40 % of the initial concentration in the 
50:50 blend, compared with 47 % in the 75:25 blend and 58 % in neat PETI-5 (all 
normalised to the carbonyl absorption at 1776 cm'^). By 350 °C, however, all blends 
are completely cured. These results are consistent with the increased mobility of the 
polymer afforded by the viscous PET-PDMS. One of the main barriers to low 
temperature curing of PETI-5 is the polymer’s high melting temperature. Any 
measure that lowers the melting temperature/mobility of the polymer should also 
lower the cure onset temperature.
The mechanism of thermal cure of the PETI-5/ PET-PDMS blends appears to differ 
from the mechanism of e-beam cure. The thermally cured blends are quite rubbery, 
compared with the brittleness of the e-beam cured blends. This suggests that, as with 
neat PET-PDMS, the siloxane backbone is being cleaved in e-beam cure, but not in 
thermal cure. The intact siloxane backbone thus lends a certain elasticity to the 
thermally cured blends.
3.3,33 Thermal post-cure of electron-beam exposed blends
E-beam irradiation has been shown to produce a slight drop in ethynyl concentration 
in blends of PET-PDMS with PETI-5. As has been discussed previously, the loss of 
the ethynyl bond in these blends is significantly less when compared with neat PET- 
PDMS exposed to the e-beam for the same period. Since a thermal post-cure of e- 
beam exposed neat PETI-5 had resulted in a slight drop in the ethynyl concentration, 
it was thought that a thermal post-cure of the e-beam exposed blends might result in 
further cure due to trapped radicals in the blends. Accordingly, samples of PETI-5/ 
PET-PDMS (50:50 and 75:25) were thermally imidised and then exposed to a 25 keV 
e-beam for four hours. The irradiated blends were immediately removed from the 
sample chamber and then thermally post-cured at 250 °C. The Raman spectra of the 
thermally post-cured blends are given in Figure 3.31 (75:25 blend) and Figure 3.32 
(50:50 blend).
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Figure 3.31 Raman spectra of the products of a thermal post-cure at 250 °C of PETI- 
5/ PET-PDMS (75:25) e-beamed for 4 hours.
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Figure 3.32 Raman spectra of the products of a thermal post-cure at 250 °C of PETI- 
5/ PET-PDMS (50:50) e-beamed for 4 hours.
Analysis of the Raman spectra of the thermally post-treated PETI-5/ PET-PDMS 
blends confirms that a thermal post-cure is taking place. After 1 hour at 250 °C, the 
ethynyl content of the 50:50 blend has dropped to 95 % of the un-post-cured value, 
with this falling to 87 % after 2 hours (all normalised to the carbonyl absorption at
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1776 cm'^). Similarly, after 1 hour at 250 °C the ethynyl content of the 75:25 blend 
was 98 % of the un-post-cured value and 8 8  % after a 2  hour post-cure (again, 
normalised to the carbonyl absorption at 1776cm'^). Leaving the samples longer than 
two hours had a negligible effect on the ethynyl content. Interestingly, the degree of 
post-cure does not seem to be dependent on the concentration of PET-PDMS, with the 
ethynyl content of both the blends dropping to around 8 8 % of the un-post-cured value 
after 2 hours at 250 °C. This 12 % drop in ethynyl concentration is slightly higher 
than the 8  % drop seen in e-beam irradiated neat PETI-5 thermally post-cured for 2 
hours at the same temperature, suggesting that increased mobility in the blends allows 
greater mobility of the trapped radicals during thermal post-cure, much as it does 
during e-beam and thermal cure. Crucially, it is the mobility of these radicals that may 
explain why the concentration of PET-PDMS in the blend has little effect on the 
thermal post-cure. Before e-beam irradiation, one might expect the 50:50 blend to be 
less viscous than the 75:25 blend. After irradiation, however, the blends are very 
similar in appearance, both being yellow and somewhat brittle due, it is supposed, to 
scission of the PET-PDMS backbone in the e-beam. Therefore, the mobility of the 
radicals during post-cure is probably very similar for both the 50:50 and 75:25 blends. 
It is this mobility and the concentration of trapped radicals, rather than the 
concentration of PET-PDMS, that is fundamental in the thermal post-cure.
Interestingly, there is no evidence of a thermal post-cure in samples that were exposed 
to the e-beam, but were left for a few weeks before the thermal treatment. It seems 
that for a post-cure to take place, the samples must be placed in the oven immediately 
after e-beam exposure. This would seem to confirm that the thermal post-cure is a 
result of trapped radicals in the samples. However, as there isn’t a great degree of 
further ethynyl loss on post-cure, it is a relatively insignificant effect.
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3.3.4 Blends of PET-PDMS with free radical initiators
3.3.4.1 PET-PDMS/ AIBN blend
CN CN 
I I 
(CH3 )2 C N = N C (C H 3 ) 2
Figure 3.33 AzoZ/wisobutyronitrile (AIBN)
Azoôwisobutyronitrile (AIBN) (Figure 3.33) is a commercially available free radical 
initiator that decomposes at relatively low temperatures. It can also be decomposed by 
irradiation with ultraviolet (UV) light. It was thought possible that irradiation with an 
e-beam might also induce decomposition of AIBN and it could therefore be employed 
as a catalyst in the e-beam cure of PET-PDMS. Unfortunately, although AIBN could 
be dispersed in the PET-PDMS, it would not dissolve. It was not possible to heat the 
PET-PDMS/ AIBN mixture to encourage dissolution as this would initiate a thermal 
cure reaction. As such, e-beam cure was attempted on thin films of the dispersed 
mixture of PET-PDMS/ AIBN (50:50 mol%) by exposing them to a 25 keV e-beam 
for varying periods of time up to two hours.
The Raman spectra of e-beam exposed PET-PDMS/ AIBN (Figure 3.34) reveal that 
AIBN has no discernible effect on the rate of e-beam cure of PET-PDMS. This may 
be due to the AIBN merely being dispersed in the PET-PDMS rather than dissolved in 
it. It should be noted that this experiment was carried out when the e-beam apparatus 
was at low efficiency and the rate of ethynyl consumption shown in Figure 3.34 is the 
same as that of samples of neat PET-PDMS run at the same time.
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Figure 3.34 Raman spectra of the produets of PET-PDMS/ AIBN (50:50) exposed to
a 25 keV e-beam.
3.3.4.2 PET-PDMS/ azodicarbonamide blend
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Figure 3.35 Azodicarbonamide
As AIBN would not dissolve in PET-PDMS, it was decided to try using a similar 
eompound as a radical initiator that did dissolve in the polymer. Azodiearbonamide 
(Figure 3.35) was chosen as a potential catalyst for the e-beam cure of PET-PDMS. 
Thin films of PET-PDMS/ azodicarbonamide (50:50 mol%) were exposed to a 25 
keV e-beam for varying periods of time up to 2 hours. As with the above experiment 
with AIBN, this investigation was carried out with the e-beam apparatus at low 
efficieney.
The Raman spectra of e-beam exposed PET-PDMS/ azodicarbonamide (Figure 3.36) 
show that rather than increasing the rate of ethynyl eonsumption on e-beam exposure, 
it seems actively to hinder it. Although there is still some loss of the ethynyl 
absorption at 2213 em'^ on increasing e-beam exposure, it is slower than in a sample 
of neat PET-PDMS. It is possible that initial radieal formation may lead to rapid
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crosslinking of the azodicarbonamide and siloxane, thereby decreasing the mobility of 
chains and radicals and reducing the chances of two end-groups coming into 
proximity and reacting.
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Figure j. 3d Raman spectra of the products of PET-PDMS/ azodicarbonamide (50:50)
exposed to a 25 keV e-beam.
3.4 Summary
A novel phenylethynyl-terminated polydimethylsiloxane was synthesised from the 
reaction of an amine-terminated siloxane and 4-phenylethynylphthalic anhydride. 
Multivariate analysis of the Raman spectra of e-beam exposed PET-PDMS confirms 
that e-beam initiated cure is taking plaee via the ethynyl bond, leading to a polymer 
with a possible Tg of 94 °C. Raman analysis also revealed the loss of aromatic and 
siloxane absorptions on increased e-beam exposure. Thermal cure of PET-PDMS 
begins at around 300 °C and proceeds rapidly around 325 °C. Raman studies suggest 
that the thermal and e-beam cure mechanisms differ, with the e-beam mechanism 
likely to be more complex than the thermal mechanism.
PET-PDMS showed some promise as a reaetive diluent in the e-beam cure of PETI-5. 
Although PETI-5 is itself not e-beam curable, blends of the resin with PET-PDMS
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showed a slight loss of the ethynyl group on e-beam exposure. Analysis of the Raman 
spectra of e-beam exposed 50:50 and 75:25 PETI-5/ PET-PDMS blends reveals that a 
4-hour e-beam exposure results in a 28 % drop in ethynyl concentration. Thermal cure 
of the PETI-5/ PET-PDMS blends occurs more rapidly at lower temperatures in the 
50:50 blend, followed by the 75:25 blend, when compared with neat PET-PDMS. 
This is consistent with the increased mobility afforded by the flexible siloxane 
backbone. Thermal and e-beam cure mechanisms of the blends appear to differ, with 
no apparent scission of the siloxane chain occurring during thermal cure.
There was evidence of a thermal post-cure taking place in both e-beam exposed 
blends and e-beam exposed neat PETI-5. After a four-hour e-beam exposure, thermal 
post treatment for two hours at 250 °C resulted in an 8  % drop in ethynyl 
concentration in neat PETI-5, compared with 22 % in PETI-5/ PET-PDMS blends 
(50:50 and 75:25). There is evidence of a trapped radical effect as no post-cure is 
observed in samples not transferred directly to the oven after e-beam exposure.
Attempts to increase the rate and degree of the e-beam cure of PET-PDMS by 
blending with commercially available radical initiators were unsuccessful. AIBN had 
no effect on the e-beam cure of PET-PDMS, whilst azodicarbonamide actively 
hindered cure.
These studies have shown that although e-beam initiated cure of phenylethynyl- 
terminated polymers is feasible, the mechanisms involved are likely to be complex. 
Further studies are needed to elucidate these mechanisms and these are addressed in 
chapter 4.
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Chapter 4 Mechanistic studies of the electron-beam cure of PETI-5
4.1 Introduction
In Chapter 3, it was shown that the phenylethynyl end-group was e-beam curable 
when attached to a siloxane chain. This phenylethynyl-terminated siloxane 
(PET-PDMS) also showed some promise as a reactive diluent in the e-beam cure of 
the commercially available resin, PETI-5. As PETI-5 is not e-beam curable, it was 
thought that the siloxane radicals in PET-PDMS were in some way involved in the 
e-beam cure mechanism of the phenylethynyl end-group. This chapter attempts to 
elucidate the role of the siloxane in the e-beam cure of the phenylethynyl end-groups.
The behaviour of siloxanes on irradiation has been well studied^ They are known to 
undergo chain scission and crosslinking when irradiated and a number of siloxane 
radicals are produced^(see also Chapter 1, Figure 1.11). It was thought possible that,
once produced these radicals could go on to initiate crosslinking via the ethynyl bond
in the e-beam cure of PET-PDMS. In order to try to elucidate the role of the siloxane 
in the e-beam cure of the phenylethynyl end-group, both a siloxane with an unreactive 
end-group, namely trimethylsilyloxy polydimethylsiloxane (TMS-PDMS) 
(Figure 4.1) and the starting material in the synthesis of PET-PDMS,
i.e., aminopropyldimethyl-terminated polydimethylsiloxane (APDM-PDMS) 
(Figure 4.2), will be used as reactive diluents in the e-beam cure of PETI-5. If these 
PETI-5 blends show evidence of ethynyl loss on e-beam irradiation it would suggest 
that the e-beam is not directly initiating cure in PET-PDMS, but is, at least in part, 
curing indirectly via the siloxane radicals.
CH, ÇH, ÇH,I 3 I 3 _ I 3
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Figure 4.1 Trimethylsilyloxy-terminated polydimethylsiloxane (TMS-PDMS)
99
CH, CH, ÇH, ÇH, CH
I  ^ r I  ^ 1 I ^
CH3 CH3 CH3 CH3 CH3
Figure 4.2 Aminopropyldimethyl-terminated polydimethylsiloxane (APDM-PDMS)*
The effects of e-beam irradiation on blends of PETI-5 with TMS-PDMS and 
APDM-PDMS are investigated and an attempt made to determine the importance of 
the siloxane radicals in the cure reactions. The effect of thermal cure on these blends 
is also considered. The e-beam behaviour of blends of PETI-5 with TMS-PDMS and a 
simple amine is investigated as a follow on from the PETI-5/ APDM-PDMS work 
described herein. Finally, an attempt is made to use some e-beam curable acrylate 
compounds as reactive diluents in the e-beam cure of PETI-5. Raman spectroscopy is 
used extensively for analysis.
4.2 Experimental
4.2.1 Materials
APDM-PDMS)with an approximate molecular weight of 2500 and a viscosity of 50 
cSt and TMS-PDMS with an approximate molecular weight of 2000 and a viscosity 
of 20 cSt were obtained from Fluorochem. 35% PETI-5 polyamic acid solution and 
PETI-5 polyimide powder (5000 g mol'^) were supplied by NASA Langley Research 
Centre. A-Aminophthalimide and A/A'-dibutylaniline were obtained from Fischer 
Chemicals. Actilanes 411, 422, 425 and 441 were supplied by Akcros Chemicals. All 
products were used as received.
4.2.2 Equipment
E-beam irradiations were carried out with an Oxford Applied Electronics EB50 
electron gun at pressures of 7 x 10'  ^ torr or less. Infrared spectra were obtained on a 
Perkin-Elmer System 2000 Fourier transform infrared (FTIR) spectrophotometer after 
averaging over 16 scans at a resolution of 4 cm '\ Neat samples were placed between
The manufacturer did not specify the position o f  the methyl groups in the aminopropyldimethyl 
portion o f  the polymer. The methyl positions in APDM-PDMS are therefore shown in the most likely 
position (However, see Chapter 3, Figure 3.10 and discussion thereof).
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NaCl plates for analysis. Raman spectra were obtained on a Perkin-Elmer System 
2000 NIR Fourier transform Raman (FT-Raman) spectrophotometer operating at 
1064 nm from a Nd:YAG laser source. Raman spectra were collected after averaging 
over 32 scans at a resolution of 4 cm"\ A laser power of between 480-800 mW was 
used. Samples were placed in glass vials for analysis. Thermal cures and post-cures 
were carried out in a John Godrich Co. programmable oven. All films were cast 
manually on glass using a 5 pm K-Bar unless otherwise stated.
4.2.3 PETI-5/ TMS-PDMS studies
4.2.3.1 Preparation of PETI-5/ TMS-PDMS blends
The required amounts (see Table 4.1) of TMS-PDMS and 35% w/w PETI-5 
poly(amic acid) solution in A-methylpyrrolidinone (NMP) were manually mixed 
together in a clean glass vial. The blends were cast on to clean glass slides and left to 
dry at room temperature in a vacuum desiccator. The films on glass were then 
thermally imidised for one hour at each of 100, 200 and 250 °C.
Blend (mol%) Mass of components (g)
PETI-5 TMS-PDMS 35% PETI-5 
Poly(amic acid)
TMS-PDMS
95 5 1.5 0 . 0 1 1
75 25 1.5 0.070
50 50 1 . 0 0.140
Table 4.1 Preparation of 95:5, 75:25 and 50:50 PETI-5/ TMS-PDMS blends 
4.2.3.2 Electron-beam irradiation of neat TMS-PDMS
Films of TMS-PDMS on glass were irradiated with a 25 keV e-beam and an emission 
current of around 53 pA for 2 hours under a pressure of 7 x 10'  ^ Torr. E-beam 
exposed films were removed from the slides and analysed by FT-Raman 
spectroscopy.
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4.2.3.3 Electron-beam irradiation of PETI-5/ TMS-PDMS blends
Pre-imidised films on glass of PETI-5/ TMS-PDMS (see section 4.2.3.1) were 
irradiated with a 25 keV beam and an emission current of -60 pA for 2 or 4 hours. 
Cured films were removed from the slides and analysed by FT-Raman spectroscopy.
4.2.3.4 Thermal cure of PETI-5/ TMS-PDMS blends
Thin films of PETI-5/ TMS-PDMS (50:50 and 75:25) were cast on to clean glass 
slides and left to dry in a vacuum desiccator. The films on glass were then heated for 
one hour at each of 100, 200 and 250 °C followed by one hour at either 275, 300, 325 
or 350 °C. The films were allowed to cool slowly to room temperature. Samples were 
removed from the slides and analysed by FT-Raman spectroscopy.
4.2.3.5 Thermal post-cure of PETI-5/ TMS-PDMS blends
Pre-imidised films on glass of PETI-5/ TMS-PDMS (50:50 and 75:25) (see section
4.2.3.1) were irradiated with a 25 keV e-beam and an emission current of -53 pA for 
4 hours. The irradiated films were then immediately placed in a hot oven and 
thermally post-cured at 250 °C for one or two hours. Samples were removed from the 
slides and analysed by FT-Raman spectroscopy.
4.2.4 PETI-5/ APDM-PDMS studies
4.2.4.1 Preparation of PETI-5/ APDM-PDMS blends
The required amounts (see Table 4.2) of APDM-PDMS and 35% w/w PETI-5 
poly(amic acid) solution in NMP were manually mixed together in a clean glass vial. 
The blends were cast on to clean glass slides and left to dry in a vacuum desiccator. 
The films on glass were then thermally imidised for one hour at each of 100, 200 and 
250 °C.
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Blend (mol%) Mass of components (g)
PETI-5 APDM-PDMS 35% PETI-5 
Poly (antic acid)
APDM-PDMS
95 5 1.5 0.014
75 25 1.5 0.088
50 50 1 . 0 0.175
Table 4.2 Preparation of 95:5, 75:25 and 50:50 PETI-5/ APDM-PDMS blends
4.2.4.2 Electron-beam irradiation of neat APDM-PDMS
Films of APDM-PDMS on glass were irradiated with a 25 keV e-beam and an 
emission current of around 53 pA for 2 hours under a pressure of 7 x 10'  ^ Torr. 
E-beam exposed films were removed from the slides and analysed by FT-Raman 
spectroscopy.
4.2.4.3 Electron-beam irradiation of PETI-5/ APDM-PDMS blends
Pre-imidised films on glass of PETI-5/ APDM-PDMS (see section 4.2.4.1) were 
irradiated with a 25 keV beam and an emission current of -60 pA for 2 or 4 hours. 
Cured films were removed from the slides and analysed by FT-Raman spectroscopy.
4.2.4.4 Thermal cure of PETI-5/ APDM-PDMS blends
Thin films of PETI-5/ APDM-PDMS (50:50 and 75:25) were cast on to clean glass 
slides and left to dry in a vacuum desiccator. The films on glass were then heated for 
one hour at each of 100, 200 and 250 °C followed by one hour at either 275, 300, 325 
or 350 °C. The films were allowed to cool slowly to room temperature. Samples were 
removed from the slides and analysed by FT-Raman spectroscopy.
4.2.5 PETI-5/ TMS-PDMS/ aminophthalimide studies
4.2.5.1 Preparation of blends
The required amounts (see Table 4.3) of A-aminophthalimide, TMS-PDMS and 35% 
w/w PETI-5 poly(amic acid) solution in NMP were manually mixed together in a 
clean glass vial. The blends were cast on to clean glass slides and left to dry at room
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temperature in a vacuum desiccator. The films on glass were then thermally imidised 
for one hour at each of 100, 200 and 250 °C.
Blend (mol%) Mass of components (g)
PETI-5 (TMS-PDMS/
aminophthalimide)
35% PETI-5 
Poly(amic acid)
TMS-PDMS N-aminophthalimide
75 25 1 0 0.47 0.076
50 50 1 0 1.40 0.227
Table 4.3 Preparation of 75:25 and 50:50 
PETI-5/ (TMS-PDMS/ aminophthalimide) blends
4.2.5.2 Laboratory scale electron-beam cure of blend
Pre-imidised films on glass of PETI-5/ (TMS-PDMS/ A-aminophthalimide) (see 
section 4.2.5.1) were irradiated with a 25 keV beam and an emission current of -50 
pA for 0, 1 or 2 hours. E-beam exposed films were removed from the slides and 
analysed by FT-Raman spectroscopy.
4.2.6 PETI-5/ TMS-PDMS/ A,7V’-dibutylaniline studies
4.2.6.1 Preparation of blends
The required amounts (see Table 4.4) of A/A’-dibutylaniline, TMS-PDMS and 35% 
w/w PETI-5 poly(amic acid) solution in NMP were manually mixed together in a 
clean glass vial. The blends were cast on to clean glass slides and left to dry at room 
temperature in a vacuum desiccator. The films on glass were then thermally imidised 
for one hour at each of 100, 200 and 250 °C.
Blend (mol%) Mass of components (g)
PETI-5 (TMS-PDMS/
NfN^-dibutylaniline)
35% PETI-5 
Poly(amic acid)
TMS-PDMS dibutylaniline
75 25 1 0 0.47 0.096
50 50 1 0 1.40 0.287
Table 4.4 Preparation of 75:25 and 50:50 
PETI-5/ (TMS-PDMS/A, A ’-dibutylaniline) blends
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4.2.6.2 Laboratory scale electron-beam cure of blends
Pre-imidised films on glass of PETI-5/ (TMS-PDMS/ dibutylaniline) (see section
4.2.6.1) were irradiated with a 25 keV beam and an emission current of -50 pA for 0, 
1 or 2 hours. E-beam exposed films were removed from the slides and analysed by 
FT-Raman spectroscopy.
4.2.7 PETI-5/ Acrylate study
A number of acrylate resins were kindly supplied by Akcros Chemicals (see Table 
4.5). Attempts were made to dissolve LaRC PETI-5 powder in these acrylate diluents.
CHXH.
CHg — O—^ C H  =C H 2  
-CHj— O 
C H ,  —  O — ^
Actilane 411
(C T F  acry la te)
o o
H,C=CH— U—o -----(CHzCHO);— U—CH=CH,
Actilane 422
(Dipropylene glycol diacrylate)
o o
C H , = C H  — ^— 0 ------- (CH2)g— o — ^— CH
Actilane 425
(Hexane diol diacrylate)
CH,OCGH =C H , CH.OCCH =CH
C,H, -CH,OCH, -C,H2‘ '5
CHjOCCH =C H . CKOCCH =C H ,
Ü H
Actilane 441
{bis trimethylol propane triacetate)
Table 4.5 Acrylates supplied by Akcros Chemicals for use as 
reactive diluents with PETI-5
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4.3 Results and discussion
4.3.1 PETI-5/ TMS-PDMS studies
4.3.1.1 Electron-beam irradiation of neat TMS-PDMS
Thin films of neat TMS-PDMS were irradiated with a 25 keV e-beam for two hours to 
determine the effects of e-beam exposure on the oligomer. The Raman spectra of 
unexposed and e-beam exposed TMS-PDMS are given in Figure 4.3.
unexposed
Int
e-beam exposed
3500.0 3000 2000 1500
Raman Shift /  cm-1
1000 500 100.0
Figure 4.3 Raman spectra of TMS-PDMS before and after a 2-hour e-beam exposure
There is little change visible in the Raman spectrum of TMS-PDMS on e-beam 
irradiation aside from an increase in fluorescence and the appearance of a small 
absorption band at around 1000 cm '\ This absorption band is likely to correspond to 
the Si-O-Si asymmetric vibration which absorbs weakly in the Raman spectrum.
Though not obvious from the Raman spectra, TMS-PDMS does appear to undergo 
changes on e-beam exposure. Before irradiation the oligomer is a colourless, clear 
liquid, but after a two-hour e-beam exposure it becomes a white solid. This suggests 
that crosslinking is occurring in the siloxane chain when irradiated. There is also 
likely to be some scission of the chains occurring, as siloxanes are known to undergo 
crosslinking and scission on radiation exposure, with crosslinking exceeding 
scission^. It should be noted that there might be some loss of any low molecular
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weight fragments formed in the high vacuum of the laboratory scale apparatus. This 
may have an effect on the ratio of crosslinking to scission and therefore, the resulting 
product.
4.3.1.2 Electron-beam irradiation of PETI-5/ TMS-PDMS blends
In order to determine whether the success of PET-PDMS as a reactive diluent in the e- 
beam cure of blends with PETI-5 (Chapter 3, Section 3.3.3.1) was due to the siloxane 
radicals produced on irradiation, blends of PETI-5/ TMS-PDMS (95:5, 75:25 and 
50:50 mol%) were imidised and exposed to a 25 keV e-beam for two or four hours. 
The Raman spectra of e-beam irradiated PETI-5/ TMS-PDMS blends are given in 
Figure 4.4 (95:5 blend). Figure 4.5 (75:25 blend) and Figure 4.6 (50:50 blend).
PETI-5/TMS-PDMS (95:5) blend
0 mins
Int
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3500.0 3000 2000 1500 1000
Raman Shift /  cm-1
500 100.0
Figure 4.4 Raman spectra of the products of e-beam cure of 
PETI-5/ TMS-PDMS (95:5) blend
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PETI-5/TMS-PDMS (75:25) blend
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Figure 4.5 Raman spectra of the products of e-beam cure of 
PETI-5/ TMS-PDMS (75:25) blend
PETI-5/ TMS-PDMS (50:50) blend
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Figure .^(5 Raman spectra of the products of e-beam cure of 
PETI-5/ TMS-PDMS (50:50) blend
TMS-PDMS does not appear to initiate e-beam cure of PETI-5, even at high 
concentrations. The Raman spectra of the irradiated PETI-5/ TMS-PDMS blends do 
not show any decrease in the ethynyl concentration on e-beam exposure. In fact, all of 
the irradiated and unirradiated spectra appear identical, showing that if there are any
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structural changes occurring on e-beam irradiation they are not discernible by Raman 
spectroscopy. This indicates that the siloxane radicals are not directly initiating 
crosslinking reactions on e-beam exposure of the PETI-5/ PET-PDMS blends 
(Chapter 3, Section 3.3.3.1). However, this does not rule out the possibility that they 
are involved in the mechanism in other ways.
It is worth noting that the TMS-PDMS did not blend well with PETI-5, with the two 
components of the blend separating out when left to stand for over a day, particularly 
in the 50:50 blend. It may be this low compatibility of the two components that led to 
TMS-PDMS being unable to initiate crosslinking in PETI-5. The increase in 
miscibility afforded by the phenylethynyl end-group in PET-PDMS may have been 
among the reasons for its better success as a reactive diluent in the e-beam cure of 
PETI-5.
4.3.1.3 Thermal cure of PETI-5/ TMS-PDMS blends
Owing to the failure of TMS-PDMS to initiate any crosslinking reactions in blends 
with PETI-5 when exposed to an e-beam, only the 50:50 mol% PETI-5/ TMS-PDMS 
blend was selected for further study. A sample of this blend was imidised and then 
exposed to increasing temperatures in order to determine the effect of TMS-PDMS on 
the thermal cure of PETI-5. The Raman spectra of 50:50 PETI-5/ TMS-PDMS 
thermally cured for one hour at various temperatures are given in Figure 4.7.
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Figure 4.7 Raman spectra of the products of thermal cure of 
PETI-5/ TMS-PDMS (50:50)
The addition of TMS-PDMS to PETI-5 does not appear to have a significant effect on 
the thermal cure of the latter resin. The Raman spectra of thermally cured blends of 
PETI-5/ TMS-PDMS (50:50) show a very similar rate of decrease of the ethynyl 
absorption at 2213 cm'^ to that observed in the thermal cure of neat PETI-5. There is a 
slight increase in the cure rate at 325 °C, with the TMS-PDMS blend showing a 
further 1 0  % decrease in ethynyl absorption when compared with a sample of neat 
PETI-5 at the same temperature. However, this is not a significant increase and could 
be explained by the increased mobility of the blend as the PETI-5 melts and allows 
better miscibility with TMS-PDMS. The incorporated siloxane chain would then 
allow better mobility of the PETI-5 chains during cure.
TMS-PDMS is an unsuccessful reactive diluent in both the thermal and e-beam cure 
of PETI-5, suggesting that the siloxane chain alone is not responsible for the success 
of PET-PDMS as a reactive diluent in PETI-5 (see Chapter 3). As mentioned in a 
previous section, this may due to the poor miscibility of TMS-PDMS with PETI-5, or 
it may indicate that the phenylethynyl end-group in PET-PDMS plays an important 
role in initiating cure reactions in blends with PETI-5.
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4.3.1.4 Thermal post-cure of e-beam exposed PETI-5/ TMS-PDMS
Although TMS-PDMS does not initiate crosslinking reactions in PETI-5 on e-beam 
exposure, it was thought possible that a thermal post-treatment of the e-beam 
irradiated blends might promote cure via any trapped radicals present in the samples. 
Samples of PETI-5/ TMS-PDMS were thermally imidised and exposed to a 25 keV 
e-beam for four hours. The irradiated samples were immediately removed from the e- 
beam sample chamber and thermally post-cured at 250 °C for one or two hours. The 
Raman spectra of thermally post-cured PETI-5/ PET-PDMS (50:50 mol%) are given 
in Figure 4.8.
no postcure
INT 1 hr postcure @ 250 C
2hr postcure @  250 C
3500.0 3000 2000 1500
Raman S h if t /  cm-1
1000 500 100.0
Figure 4.8 Raman spectra of the products of a thermal post-cure at 250 °C of 
PETI-5/ TMS-PDMS (50:50) e-beam treated for four hours.
The Raman spectra of thermally post-treated PETI-5/ TMS-PDMS do not show any 
evidence of post-cure. There is no decrease in any of the spectral absorptions, even 
after a four-hour post-treatment. If there are any trapped radicals in the irradiated 
blends, they are not initiating any crosslinking reactions in the thermally post-treated 
samples.
I l l
4.3.2 PETI-5/ APDM-PDMS studies
4.3.2.1 Electron-beam irradiation of neat APDM-PDMS
It was decided to investigate the use of the starting material for PET-PDMS, 
i.e. APDM-PDMS, as a reactive diluent in the e-beam cure of PETI-5. In a similar 
experiment to that described in Section 4.3.1.1, thin films of APDM-PDMS were 
exposed to a 25 keV e-beam for two hours in order to first observe the behaviour of 
the neat oligomer on irradiation. The Raman spectra of APDM-PDMS before and 
after irradiation are given in Figure 4.9.
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Figure 4.9 Raman spectra of APDM-PDMS before and after 
a two-hour e-beam exposure
The results of the irradiation of APDM-PDMS are, unsurprisingly, rather similar to 
those obtained from the irradiation of TMS-PDMS described in Section 4.3.1.1. The 
Raman spectra of the irradiated oligomer reveal little about the changes occurring on 
e-beam exposure. There is an increase in fluorescence in the irradiated sample and the 
appearance of a small absorption band at around 1 0 0 0  cm'^ that has already been 
attributed to an increase in Si-O-Si asymmetric vibrations caused by crosslinking of 
the siloxane chains.
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As with TMS-PDMS, APDM-PDMS is a colourless, clear liquid before irradiation, 
becoming a white solid after a two-hour e-beam exposure. This was not unexpected as 
siloxane fluids are known to form clear and transparent elastomers on irradiation^. 
Siloxanes undergo both scission and erosslinking on irradiation, with erosslinking 
exceeding seission^’"^. Recent studies investigating gamma radiolysis of 
polydimethylsiloxane, for example, consistently show erosslinking to be the dominant 
process regardless of the temperature of irradiation^’^ . Crosslinking and scission of 
TMS-PDMS and APDM-PDMS are therefore both likely to be occurring on e-beam 
irradiation with erosslinking being the dominant process.
4.3.2.2 Electron-beam irradiation of PETI-5/ APDM-PDMS blends
As mentioned in the above section, APDM-PDMS was selected for investigation as a 
reactive diluent in the e-beam cure of PETI-5. Blends of PETI-5/ APDM-PDMS 
(95:5, 75:25 and 50:50 mol%) were imidised and exposed to a 25 keV e-beam for two 
or four hours. The Raman spectra of e-beam irradiated PETI-5/ APDM-PDMS blends 
are given in Figure 4.10 (95:5 blend). Figure 4.11 (75:25 blend) and Figure 4.12 
(50:50 blend).
PETI-5/APDM-PDMS (95:5) blend
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Figure 4.10 Raman spectra of the products of e-beam cure of 
PETI-5/ APDM-PDMS (95:5) blend
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PETI-5/APDM-PDMS (75:25) blend
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Figure 4.11 Raman spectra of the products of e-beam cure of 
PETI-5/ APDM-PDMS (75:25) blend
PETI-5/APDM-PDMS (50:50) blend
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Figure 4.12 Raman spectra of the products of e-beam eure of 
PETI-5/APDM-PDMS (50:50) blend
APDM-PDMS seems to have a more dramatic effect on the e-beam cure of PETI-5 
than either TMS-PDMS or PET-PDMS. Although there is no apparent change in the 
Raman spectra of either the 95:5 or the 75:25 PETI-5/ APDM-PDMS blends (Figure 
4.10 and Figure 4.11 respectively), the 50:50 PETI-5/ APDM-PDMS blend shows an 
almost total loss of the ethynyl absorption after a two-hour e-beam exposure (Figure
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4.12). Given that TMS-PDMS has no effect on PETI-5 e-beam cure, this would seem 
to indicate that the terminal amine is involved in the mechanism. The amine may be 
aceelerating the radieal reaetion, either by increasing the rate of initial radical 
formation, or by increasing the rate of the subsequent reaction of the radicals with the 
triple bond.
Given the dramatic loss of the ethynyl absorption in the 50:50 PETI-5/ APDM-PDMS 
blend, it is perhaps surprising that there is no drop in ethynyl concentration in the 
75:25 blend. However, despite the reasonably high coneentration of siloxane in the 
latter blend, the amine coneentration is still quite low. Therefore, the lack of ethynyl 
cure in the 75:25 blend may be a consequence of the low amine concentration.
In addition to the loss of the ethynyl absorption, there is also an apparent change in 
the aliphatic C-H absorptions at around 2900 cm '\ It would appear that the aliphatic 
absorptions increase on e-beam exposure suggesting that C-H bonds are formed in the 
reaction. In a study by Holland et a l, a model aryl ether imide with a phenylethynyl 
moiety was used to study the thermal cure reaetions of the phenylethynyl end-group^. 
The group found a number of low molecular weight fragments were produced 
containing aliphatic protons in the plaee of the phenylethynyl end-group (see 
Chapter 1, Figure 1.5). This might explain the increase of the C-H absorption on the 
e-beam irradiation of 50:50 mol% PETI-5/ APDM-PDMS.
4.3.2.3 Thermal cure of PETI-5/ APDM-PDMS blends
APDM-PDMS was shown to be a highly successful reactive diluent in the e-beam 
cure of PETI-5. It was thought that given this success, APDM-PDMS could also 
increase the rate of thermal cure in blends with PETI-5. Blends of PETI-5/ 
APDM-PDMS (75:25 and 50:50 mol%) were therefore imidised and exposed to 
increasing temperatures to determine the effect of the amine-terminated siloxane on 
the thermal cure of PETI-5. The Raman spectra of thermally cured PETI-5/ 
APDM-PDMS are given in Figure 4.13 (75:25 blend) and Figure 4.14 (50:50 blend).
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Figure 4.13 Raman spectra of the products of thermal cure of 
PETI-5/APDM-PDMS (75:25)
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Figure 4.14 Raman spectra of the products of thermal cure of 
PETI-5/APDM-PDMS (50:50)
The Raman spectra of thermally cured PETI-5/ APDM-PDMS blends show that 
APDM-PDMS has a noticeable effect on the rate of loss of the ethynyl absorption at 
2213 cm '\ When these spectra are compared with the Raman spectra of thermally 
cured PETI-5/ PET-PDMS blends (Chapter 3, Section 3.3.3.2), it can be seen that the 
cure reactions proceed more rapidly at lower temperatures in the APDM-PDMS
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blends. At 300 °C, the concentration of the ethynyl absorption has dropped to 74 % of 
its initial value in the 75:25 APDM-PDMS blend and 70 % in the 50:50 blend 
(normalised to the carbonyl absorption at 1776 cm'^). At the same temperature, the 
ethynyl concentration is only 79 % of the initial value in neat PETI-5 and the 
75:25 mol% PETI-5/ PET-PDMS blend and 74 % in the 50:50 PET-PDMS blend with 
PETI-5. The increase in reaction rate in the APDM-PDMS blends is even more 
noticeable at higher temperatures. At 325 °C the ethynyl concentration in the 
75:25 PETI-5/ APDM-PDMS blend has fallen to 48 % of its initial value. In 
comparison, the ethynyl concentration in neat PETI-5 at 325 °C is 58 % of the initial 
value, with the concentration for the 75:25 PETI-5/ PET-PDMS blend being very 
similar to that of the 75:25 APDM-PDMS blend at 47 % (all normalised to the 
carbonyl absorption at 1776 cm'^). Most dramatically of all, the 50:50 mol% PETI-5/ 
APDM-PDMS blend is totally cured by 325 °C. At the same temperature, the 
concentration of ethynyl groups in neat PETI-5 is still 58 % of the uncured value 
(normalised to the carbonyl absorption at 1776 cm'^). It has been reported that PETI-5 
is fully cured after one hour at 350 °C The presence of APDM-PDMS in the 50:50 
blend has therefore lowered the cure temperature of PETI-5 by 25 °C. The Raman 
spectrum of thermally cured 50:50 PETI-5/ APDM-PDMS fluoresced and proved 
difficult to obtain, hence the poor quality of this spectrum in Figure 4.14.
Given that TMS-PDMS had very little effect on the thermal cure of PETI-5, it would 
seem that the terminating amine in APDM-PDMS is accelerating the rate of ethynyl 
consumption in the thermal cure of PETI-5/ APDM-PDMS. The amine may be 
increasing the rate of initial radical formation, or it may be increasing the rate of the 
subsequent reaction of the radicals with the ethynyl bond. The actual mechanism 
involved is as yet unknown and would be worthy of further study.
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4.3.3 PETI-5/ TMS-PDMS/ A^-aminophthalimide studies
o
N—NHj
Ô
Figure 4.15 A^-Aminophthalimide
At high concentrations, APDM-PDMS was shown to be a highly successful reactive 
diluent in the e-beam cure of PETI-5 (Section 4.3.2.2). This was thought to be due to 
the presence of the terminal amine in the siloxane accelerating the cure process. To 
understand the role of the amine more fully, it was decided to expose blends of 
PETI-5, TMS-PDMS and a simple amine to an e-beam and study the effect of 
irradiation on the rate of ethynyl loss in the blends. TMS-PDMS had already been 
shown to have no effect as an initiator in the e-beam cure of PETI-5, but it was hoped 
that the presence of the amine might allow cure reactions to take place.
Selecting the amines for study proved to be somewhat problematic. They had to be of 
a sufficiently high molecular weight that they would not disappear in the high vacuum 
of the e-beam apparatus; be soluble in the PETI-5 poly(amic acid) solution and they 
also had to be able to survive the temperatures required to imidise the PETI-5 blends. 
However, a relatively simple amine was wanted in order to simplify the study of the 
results. Eventually two amines, namely A-aminophthalimide (Figure 4.15) and 
A,A’-dibutylaniline (see Section 4.3.4 below), were selected for investigation. Studies 
with A-aminophthalimide are discussed in this section whilst blends with 
A,A'-dibutylaniline are discussed separately in Section 4.3.4.
PETI-5/ (TMS-PDMS/ A-aminophthalimide) (50:50 mol%) were thermally imidised 
and exposed to a 25 keV e-beam for one or two hours. The Raman spectra of the e- 
beam exposed blends are given in Figure 4.16.
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Figure 4.16 Raman spectra of the products of e-beam exposure of 
PETI-5/ (TMS-PDMS/ /V-aminophthalimide)
The Raman spectra of e-beam exposed PETI-5/ (TMS-PDMS/ /V-aminophthalimide) 
show that the amine does not result in any loss of the ethynyl absorption on 
irradiation. The spectra of both the unirradiated and irradiated blends appear very 
similar with no overall increase or decrease in any of the absorptions. However, a 
close inspection of the ethynyl absorption at 2213 cm'^ reveals that the ratio of the 
two closely overlapping ethynyl peaks changes on irradiation, suggesting that 
although there is no erosslinking occurring through these bonds, the environment 
around the groups is changing in some way. This is not observed in samples of e- 
beam irradiated PETI-5/ TMS-PDMS, so /V-aminophthalimide must be having some 
effect on the chemistry of the exposed blends. Given the behaviour of siloxanes on 
radiation exposure^, TMS-PDMS may be undergoing chain erosslinking and scission 
when e-beam irradiated. It is possible that the amine is accelerating these reactions.
The failure of /V-aminophthalimide to result in any erosslinking reactions in the PETI- 
5/ (TMS-PDMS/ /V-aminophthalimide) blends may say something about the role of 
the siloxane in the e-beam cure of PETI-5/ APDM-PDMS. As mentioned previously, 
TMS-PDMS demonstrated poor solubility in the PETI-5 poly(amic acid) solution, 
which may be why it failed to have an effect on the e-beam behaviour of PETI-5. 
APDM-PDMS on the other hand was highly miscible in the PETI-5/ poly(amic acid)
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solution (there is also the possibility of transamidisation occurring), increasing the 
likelihood of the two polymers reacting together when exposed to an e-beam. The 
lack of reaction in the PETI-5/ (TMS-PDMS/ 7V-aminophthalimide) blends may be 
due to the poor miscibility of TMS-PDMS with PETI-5, suggesting that the siloxane 
radicals are crucial in the e-beam cure mechanism of PETI-5/ APDM-PDMS, with the 
amine merely accelerating the formation of these radicals or their reaction with 
PETI-5.
4.3.4 PETI-5/ TMS-PDMS/ dibutylaniline studies
(C%CH3
^(C% CH 3
Figure ^.77 A,A-dibutylaniline
As discussed in the above section, the effect of e-beam irradiation on blends of 
PETI-5, TMS-PDMS and a simple amine were investigated in order to study further 
the effect of the amine in the e-beam cure of PETI-5/ APDM-PDMS. In addition to 
the studies with A-aminophthalimide already discussed (Section 4.3.3), 
A,A-dibutylaniline (Figure 4.17) was selected for investigation. Blends of PETI-5/ 
(TMS-PDMS/ A/A'-dibutylaniline) (50:50 mol%) were thermally imidised and 
exposed to a 25 keV e-beam for one or two hours. The Raman spectra of the e-beam 
exposed blends are given in Figure 4.18.
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Figure 4.18 Raman spectra of the products of e-beam exposure of 
PETI-5/ (TMS-PDMS/ A / ’-dibutylaniline)
The Raman spectra of e-beam irradiated PETI-5/ (TMS-PDMS/ A /# ’-dibutylaniline) 
show that A /# ’-dibutylaniline has no effect on the e-beam behaviour of PETI-5. There 
is no loss of the ethynyl absorption at 2213 cm '\ showing that no erosslinking has 
taken place through these bonds. Unlike the blends with A^-aminophthalimide, those 
with A /# ’-dibutylaniline do not show any changes in the ratio of the ethynyl 
absorptions on irradiation. This may be due to A /# ’-dibutylaniline having a lower 
solubility in the PETI-5 poly(amic acid) solution than A^-aminophthalimide.
The failure of A/A^ ’^-dibutylaniline to affect the e-beam behaviour of PETI-5 in 
PETI-5/ (TMS-PDMS/ A/A^ ’-dibutylaniline) blends may be due to the poor solubility 
of TMS-PDMS in PETI-5. Refer to Section 4.3.3 for further discussion.
4.3.5 PETI-5/ Acrylate study
Having shown that it was possible to modify the e-beam behaviour of PETI-5 with 
certain siloxane diluents, it was decided to attempt a similar behaviour modification 
using some e-beam curable acrylate compounds supplied by Akcros Chemicals (Table 
4.5, Section 4.2.7). Due to the decomposition temperatures of these acrylates (all 
decompose at around 150 °C and above), it was not possible to make up blends using
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the PETI-5 poly(amic acid) solution as this would have required imidisation at 
250 °C. Therefore, blends had to be made using the pre-imidised PETI-5 powder. 
Attempts to use acrylates as reactive diluents in the e-beam cure of PETI-5 were 
unsuccessful, due to the insolubility of the PETI-5 powder in any of the diluents 
supplied by Ackros chemicals.
4.4 Sum m ary
Although neat TMS-PDMS undergoes some physical changes on e-beam cure, the 
siloxane does not result in any modification of the e-beam behaviour of PETI-5 in 
blends with the imide resin. The Raman spectra of PETI-5/ TMS-PDMS showed no 
decrease in ethynyl concentration after e-beam irradiation, suggesting that siloxane 
radicals alone are not sufficient to initiate e-beam cure of the phenylethynyl end- 
group. However, it was thought that the lack of reaction might be partly due to the 
poor solubility of the siloxane in PETI-5. In addition to its failure as a reactive diluent 
in the e-beam cure of PETI-5, TMS-PDMS had very little effect on the thermal cure 
of the imide, with only a very slight increase in the rate of ethynyl loss occurring at 
325 °C. This increase may be attributable to the increase in mobility afforded by the 
siloxane backbone in the blends.
APDM-PDMS proved to be a highly successful reactive diluent in the e-beam cure of 
PETI-5. At high concentrations, i.e. the 50:50 mol% PETI-5/ APDM-PDMS blend, 
there is complete loss of the ethynyl Raman absorption after a two-hour e-beam 
exposure, making it a far more successful diluent than PET-PDMS (see Chapter 3). 
The concentration of the amine would appear to be crucial as there are no erosslinking 
reactions observed on irradiation of the 75:25 or 95:5 mol% PETI-5/ APDM-PDMS 
blends. APDM-PDMS also increases the rate of thermal cure of PETI-5, lowering the 
temperature required to fully cure the latter material by 25 °C in the 50:50 blend. The 
terminating amine in APDM-PDMS is thought to play important role in the modified 
cure behaviour of PETI-5. The precise nature of the amine effect is uncertain, but it is 
likely to be increasing the rate of radical formation, or the rate of reaction of the 
radicals with the ethynyl group, or both.
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In an attempt to further study the role of the siloxane radicals and the amine in the 
e-beam cure of PETI-5/ APDM-PDMS, blends of PETI-5 with TMS-PDMS and a 
simple amine were investigated. E-beam irradiation of a PETI-5/ (TMS-PDMS/ 
A/A’-dibutylaniline) blend did not appear to result in any structural changes. Although 
there was no loss of the ethynyl absorption on irradiation of PETI-5/ (TMS-PDMS/ 
A-aminophthalimide) blends, the ratio of the two ethynyl Raman absorptions at 
around 2 2 1 0  cm'^ did alter on irradiation, suggesting that there were some structural 
changes occurring. The differences between the effect of the two amines may be due 
to the better solubility of A-aminophthalimide in the PETI-5 poly(amic acid) solution 
than dibutylaniline. The failure of either blend to produce erosslinking reactions in 
PETI-5 may be due to the poor solubility of TMS-PDMS in the PETI-5 poly(amic 
acid) solution, suggesting that hoth the amine and the siloxane radicals play crucial 
roles in the e-beam cure of PETI-5 blends.
Attempts to use some e-beam curable acrylate compounds as reactive diluents in the 
e-beam cure of PETI-5 were unsuccessful due to the insolubility of pre-imidised 
PETI-5 powder in any of the diluents supplied. It was therefore not possible to make 
blends of the imide with the acrylates.
This chapter has demonstrated the successful e-beam cure of PETI-5 using 
APDM-PDMS as a diluent and has revealed the importance of siloxane radicals and a 
relatively high amine concentration in the cure mechanism. Clearly more work needs 
to be carried out to further understand the reactions taking place during e-beam cure 
and to elucidate the precise role of the amine in those reactions. Further work on the 
e-beam cure of siloxane blends with PETI-5 is discussed in Chapter 5.
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Chapter 5 Studies carried out at Acsion Industries, Pinawa, Canada
5.1 Introduction
As discussed in Chapter 2, most of the e-beam curing described in the scientific 
literature is carried out using large, industrial e-beam curing facilities^’^ ’^ ’"^. These 
large aeeelerators are capable of curing small to quite large parts^. The work deseribed 
in Chapters 3 and 4 has been carried out on a 25 keV laboratory scale e-beam maehine 
which is capable of produeing only very small quantities (approximately 5 pm films) 
of cured material. In order to produee larger quantities o f the e-beam irradiated 
samples, some of the experiments described in Chapters 3 and 4 were repeated on the 
industrial e-beam aeeelerator at Acsion Industries based in Pinawa, Canada. Its e- 
beam facility contains the I-10/1 industrial linear accelerator (10 MeV, 1 kW)^. Whilst 
the laboratory seale apparatus at the University of Surrey requires that e-beam 
irradiations be carried out under a high vacuum, the greater power of the Acsion 
facility means that a vacuum is not required as the e-beam has suffieient energy to 
pass through air unhindered.
The synthesis of phenylethynyl-terminated polydimethylsiloxane (PET-PDMS) 
described in chapter 3, seetion 3.2.4.1, is scaled up and larger quantities of the 
polymer produced. Samples of neat PET-PDMS, together with blends of PETI-5 with 
PET-PDMS, trimethylsilyloxy-terminated polydimethylsiloxane (TMS-PDMS) and 
aminopropyldimethyl-terminated polydimethylsiloxane (APDM-PDMS), are 
irradiated with varying doses at the Aesion Industries e-beam processing facility and 
the irradiated material shipped baek to the United Kingdom for analysis. Raman and 
infrared spectroseopy are used extensively and a multivariate analysis carried out on 
the Raman data where appropriate. The effect of a higher dose rate and other 
differenees in the e-beam conditions between the laboratory and industrial scale 
irradiations is eonsidered.
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5.2 Experimental
5.2.1 Materials
35% w/w PETI-5 poly(amic acid) solution in A-methylpyrrolidinone (NMP) and 
4-phenylethynylphthalic anhydride (PEPA) were supplied by NASA Langley 
Research Centre. Aminopropyldimethyl-terminated polydimethylsiloxane (APDM- 
PDMS) with an approximate moleeular weight of 2500 and a viseosity of 50 cSt and 
trimethylsilyloxy-terminated polydimethylsiloxane (TMS-PDMS) with an 
approximate moleeular weight of 2000 and a viscosity of 20 cSt were obtained from 
Fluoroehem. Wmethylpyrollidinone and toluene were obtained from Aldrich and 
Fisher Chemicals respectively. All produets were used as reeeived.
5.2.2 Equipment
E-beam irradiations were earried out at Acsion Industries, Pinawa, Canada with the 
following e-beam parameters: beam energy 9 MeV, beam eurrent 65 mA/pulse, pulse 
width 4 ps, 300 pulses/s and scan width 30 cm. The total dose was received in 
increments of 35 kGy per pass. Vacuum exposures were carried out at pressures of 
7 x 1 0 ’^  torr or less in the sample chamber of an MS VS vaeuum system attaehed to an 
Oxford Applied Electronics EB50 electron gun at the University of Surrey. Infrared 
spectra were obtained on a Perkin-Elmer System 2000 Fourier transform infrared 
(FTIR) speetrophotometer after averaging over 16 scans at a resolution of 4 cm '\ 
Neat samples were placed between NaCl plates for analysis. Raman speetra were 
obtained on a Perkin-Elmer System 2000 NIR Fourier transform Raman (FT-Raman) 
spectrophotometer operating at 1064 nm from a Nd:YAG laser source. Raman speetra 
were collected after averaging over 32 seans at a resolution of 4 cm '\ A laser power 
of between 480-800 mW was used. Samples were placed in glass vials for analysis. 
Multivariate analyses were carried out using ‘Unserambler’ version 7.6 from 
Camo ASA.
5.2.3 Neat PET-PDMS
5.2.3.1 Synthesis of PET-PDMS
4-Phenylethynylphthalic anhydride (25.14 g, 0.102 mol) was added to APDM-PDMS 
(126.69 g, 0.051 mol) in V-methylpyrollidinone (NMP) (450 ml, 4.67 mol) and the 
reaetion mixture stirred for 18 hours under nitrogen. Toluene (150 ml) was then added
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to the reaction mixture and refluxed with a Dean and Stark trap for 6 hours under 
nitrogen.
The reaction mixture was extraeted with dichloromethane (DCM) and the extract 
washed with water to remove the NMP. The DCM layer was dried over magnesium 
sulphate, filtered and the solvent removed on a rotary evaporator. A dark yellow 
viscous liquid was obtained (98 g, 64 % yield) and left in an oven at 60 °C overnight 
to remove any traces of solvent. Elemental analysis ealculated for Ci0 6 H2 2 8 N2 O3 5 Si3 2 : 
C 42.07 %; H 7.54 %; N 0.93 %; found: C 41.10 %; H 8.04 %; N 0.68 %. IR (NaCl 
plates) 2214 cm'^ (w, ethynyl), 1772 cm'^ (m, imide) 1720 em'^ (s, imide), 1261 em'  ^
(s, Si-CHj), 1092 cm ' (s, Si-O).
5.2.3.2 Electron-beam irradiation of neat PET-PDMS
Samples of neat PET-PDMS were exposed to doses of 100, 200, 300, 400, 500, 600, 
700, 800 and 900 kGy. All samples were irradiated in 2 ml plastie syringes in an 
attempt to minimise oxygen diffusion. Irradiations were carried out at atmospherie 
pressure.
N.B. It was caleulated that using the laboratory seale e-beam curing apparatus at the 
University of Surrey, a 2-hour exposure gives a dose of approximately 700 kGy^. 
Given that there is no apparent further decrease in the ethynyl concentration of PET- 
PDMS after this time, it was eoncluded that this was the dose required to cure it. The 
experiments with neat PET-PDMS at Acsion were planned with this in mind.
5.2.3.3 Vacuum exposure of e-beam irradiated PET-PDMS
Thin (5 [im) films of PET-PDMS that were exposed to e-beam doses of 200, 400, 600 
and 800 kGy at Aesion industries were east onto elean glass microscope slides on 
return to the UK. The films on glass were then placed in the sample chamber of the 
e-beam apparatus at the University of Surrey and exposed to a vacuum of 6 x 10'  ^torr 
or less for 2 hours.
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5.2.4 Blends of PET-PDMS, APDM-PDMS and TMS-PDMS with PETI-5
5.2.4.1 Preparation of PETI-5 blends
The required amounts (see 
Table 5.1) of PET-PDMS, APDM-PDMS or TMS-PDMS and 35 % w/w PETI-5
poly(amic acid) solution in NMP were manually mixed together in clean glass jars.
The blends were cast onto clean glass Petri dishes and left to dry in a vacuum
desiccator. The ~5 mm plaques on glass were then thermally imidised for one hour at
each of 100, 200 and 250 °C.
Blend 'mol%o) Weight Diluent weight (g)
PETI-5 Diluent PETI-5 (g) PET-PDMS
blend
APDM-PDMS
blend
TMS-PDMS
blend
50 50 50.0 10.60 8.75 7.00
75 25 50.0 3.53 2.92 . -
Table 5.1 Preparation of PETI-5/ PET-PDMS (50:50 and 75:25), PETI-5/ 
APDM-PDMS (50:50 and 75:25) and PETI-5/ TMS-PDMS (50:50) blends
5.2.4.2 E-beam irradiation of PETI-5 blends
The imidised plaques were of very poor quality as they were very brittle and most had 
broken up during transit. Plaques of PETI-5/ PET-PDMS (50:50 and 75:25) and 
PETI-5/ TMS-PDMS (50:50) were irradiated with doses of 700 kGy and 900 kGy. 
Samples were vacuum bagged to remove any possibility of oxygen inhibition. Most 
samples were still very brittle after irradiation and the plaques were of too poor 
quality to make mechanical testing feasible. Therefore, all irradiated plaques were 
ground down to powder with a pestle and mortar and put in glass vials for transport 
baek to the UK for analysis.
The remaining plaques were ground down to powder with a pestle and mortar and 
irradiated as powders in serew top glass vials. Powdered samples of PETI-5/ PET- 
PDMS (50:50 and 75:25) and PETI-5/ APDM-PDMS (50:50 and 75:25) were 
irradiated with doses of 200, 400, 600 and 800 kGy.
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5.3 Results and discussion
5.3.1 Neat PET-PDMS
5.3.1.1 Electron-beam irradiation of neat PET-PDMS
Samples of PET-PDMS in 2 ml plastic syringes were exposed to an industrial e-beam 
for increasing doses up to 900 kGy. The energy of the Acsion e-beam meant that it 
was not necessary to carry out irradiations under a vacuum. Samples were therefore 
irradiated at atmospheric pressure as oxygen diffusion is not thought to be a major 
problem at high dose rates^. The Raman spectra of e-beam irradiated PET-PDMS are 
given in Figure 5.1 and Figure 5.2, whilst the infrared spectra of e-beam irradiated 
PET-PDMS are given in Figure 5.3.
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Figure 5.1 Raman spectra of the products of e-beam irradiation of PET-PDMS
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Figure 5.3 Infrared spectra of the products of e-beam irradiation of PET-PDMS
Although the infrared spectra of e-beam exposed PET-PDMS do not reveal any 
pertinent changes, the Raman spectra indicate that there is a loss of the ethynyl bond 
on irradiation as evidenced by the decrease in the ethynyl absorption at 2213 cm '\ 
However, the degree of ethynyl loss is not as dramatic as that seen in the laboratory 
scale e-beam exposures of PET-PDMS carried out at the University of Surrey (see 
Chapter 3). Calculations had shown that the 2-hour e-beam exposure required to cure
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PET-PDMS on the laboratory scale apparatus equated to a 700 kGy dose^. It is 
somewhat surprising, therefore, that a similar dose on the industrial apparatus does 
not result in a similar degree of cure.
All PET-PDMS samples showed a colour change on irradiation, becoming more 
yellow with increasing dose. Although there was an increase in viscosity with 
increasing dose, a solid was not obtained from these experiments. The irradiated PET- 
PDMS was a sticky rubber, unlike the solid obtained from laboratory scale e-beam 
exposure. This may be due to the lack of a vacuum to remove any low molecular 
weight fragments that are produced during irradiation. It should also be noted that 
samples were probably irradiated at temperatures around 60-80 °C ,^ due to local 
heating from the beam. Whilst there is likely to be some local heating from the beam 
in the laboratory scale apparatus, it is not likely to be as high as that in the more 
powerful industrial e-beam at Acsion. The increased temperature and pressure, the 
higher dose rate and the presence of oxygen are likely to have an effect on the e-beam 
cure mechanism leading to different structures than those seen on the laboratory scale 
apparatus. Clearly conditions other than total dose are significant in the e-beam cure 
ofPET-PDMS.
The Raman spectra of e-beam exposed PET-PDMS do show that there is some 
reaction occurring via the ethynyl bond. The Raman data were normalised to the 
aliphatic C-H stretch at 2907 cm'^ and a multivariate analysis carried out on the data. 
Principal component analysis (PGA) of the Raman spectra of e-beam exposed 
PET-PDMS (see Figure 5.4) indicates that the loss of the ethynyl absorption is the 
most significant spectral change occurring on irradiation. The actual principal 
components (PCs) from the analysis are given in Figure 5.5. The analysis required 
two PCs to explain the data, accounting for 95 % of the variance in the spectral data 
and resulting in the very good correlation coefficient of 0.991 for ‘predicted’ versus 
‘measured’ dose. Two more PCs are also shown in Figure 5.5 that are statistically 
significant and account for a further 4 % of the variance. The two main PCs show that 
in addition to the changes occurring in the ethynyl absorption, there is also a loss of 
the carbonyl stretching absorption at 1772 cm'  ^ and some loss of the series of 
absorptions between 1000 cm'^ and 1300 cm'  ^ (possibly overtones).
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Figure 5.4 PC A of the Raman spectra of the e-beam cure of PET-PDMS (normalised 
to the C-H stretch at 2907 cm‘^ ). a) (top left) A plot of PCI against PC2. b) (top right) 
Linear combination of PCs that form the regression coefficient against radiation time, 
c) (bottom left) Amount of variance in the radiation time explained by each of the 
PCs. d) (bottom right) ‘Predicted’ vs. ‘measured’ dose.
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Figure 5.5 The actual PCs from the PCA of the Raman spectra of e-beam irradiated 
PET-PDMS (normalised to the C-H stretch at 2907 cm*^ ). a) (top left) PCI. b) (top 
right) PC2. c) (bottom left) PCS. d) (bottom right) PC4.
Although there is no overall loss of the C-H aliphatic stretch in the laboratory scale 
e-beam cure of PET-PDMS, the greater power of the Acsion e-beam may mean that 
there is some loss of this absorption. Therefore, to provide a comparison with the
1S2
there is some loss of this absorption. Therefore, to provide a comparison with the 
above multivariate analysis, the Raman data were normalised to the carbonyl stretch 
at 1772 cm'^ and a separate PCA run on the spectral data. Although the previous PCA 
showed some changes in the carbonyl absorption on irradiation, it was not as 
significant as the loss of the ethynyl absorption. The carbonyl absorption was 
therefore thought to be one of the absorptions not undergoing major changes on 
irradiation. The results of the PCA of the Raman spectra of e-beam irradiated PET- 
PDMS are given in Figure 5.6. As with the PCA normalised to the C-H stretch, the 
analysis normalised to the C=0 stretch showed the decrease of the ethynyl absorption 
to be the most significant feature on increasing dose. The analysis also revealed that 
there is an increase in the C-H stretching intensities, both aliphatic and aromatic, on 
irradiation. However, this analysis required 3 PCs (see Figure 5.7) to explain the 
spectral data, showing that the PCA normalised to the C-H stretch (which only 
required 2 PCs to explain the data) is statistically ‘cleaner’ than the analysis 
normalised to C=0. This may be due to the methyl groups on the siloxane chain being 
better isolated from the actual polymerisation process than the carbonyl groups. 
However, although the C=0 analysis had a slightly lower ‘predicted’ versus 
‘measured’ correlation coefficient of 0.985, the difference is sufficiently small to 
show that normalising to C-H or C=0 makes little difference. The changes in the C-H 
or C=0 stretches are not as significant as the loss of the ethynyl absorption.
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Figure 5.6 PC A of the Raman spectra of the e-beam cure of PET-PDMS (normalised 
to the C=0 stretch at 1772 cm'^). a) (top left) A plot of PCI against PC2. b) (top 
right) Linear combination of PCs that form the regression coefficient against radiation 
time, c) (bottom left) Amount of variance in the radiation time explained by each of 
the PCs. d) (bottom right) ‘Predicted’ vs. ‘measured’ dose.
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134
It is quite clear from these results that there are different mechanisms occurring in the 
industrial scale e-beam irradiation of PET-PDMS than in the laboratory scale 
irradiation discussed in chapter 3. It is likely that the lack of vacuum in the Acsion 
experiments results in the molecular fragments formed during irradiation somehow 
becoming involved in the mechanism, rather than being removed as they are in the 
laboratory scale experiments. It is interesting to note, however, that PCI in the 
multivariate analysis of the Raman data normalised to C-H (Figure 5.5) is remarkably 
similar to PC2 in the multivariate analysis of laboratory scale irradiated PET-PDMS 
(Chapter 3, Figure 3.13). This means that the component that accounts for 81 % of the 
spectral changes in the industrial scale apparatus accounts for 7 % of the spectral 
changes on the laboratory scale experiments. Although the main reactions occurring 
in the two experiments are different, it would not be unreasonable to assume from 
these PCs that some reactions are common to both. However, one of the main 
differences between the industrial and laboratory scale irradiations appears to be the 
greater incidence of siloxane chain cleavage in the latter experiments. The removal of 
small molecular fragments in the laboratory scale irradiations may explain this 
difference as these fragments may become re-incorporated into the polymer network 
in the industrial scale irradiations leading to no overall loss of these absorptions in the 
Raman spectra.
5.3.1.2 Vacuum exposure of e-beam irradiated PET-PDMS 
Section 5.3.1.1 illustrated the differences between the e-beam cure of PET-PDMS on 
an industrial and on a laboratory scale e-beam. One of the reasons for these 
differences was thought to be the lack of a vacuum to remove any molecular 
fragments produced in the industrial scale irradiation. In order to determine whether 
there were any small molecular fragments remaining in the irradiated material, 
samples of PET-PDMS irradiated at Acsion industries were exposed to the same 
vacuum experienced by a sample irradiated on the laboratory scale apparatus. The 
Raman spectra of PET-PDMS exposed to an industrial e-beam for varying doses and 
then exposed to a vacuum of 6  x 10'  ^torr or less for 2 hours are given in Figure 5.8 to 
Figure 5.11.
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Figure 5.8 Raman spectra of PET-PDMS exposed to 200 kGy, before and after
vacuum exposure
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Figure 5.9 Raman spectra of PET-PDMS exposed to 400 kGy, before and after
vacuum exposure
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Figure 5.10 Raman spectra of PET-PDMS exposed to 600 kGy, before and after
vacuum exposure
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Figure 5.11 Raman spectra of PET-PDMS exposed to 800 kGy, before and after
vacuum exposure
The Raman spectra of vacuum exposed, irradiated PET-PDMS reveal that there are 
distinct differences between samples that have been exposed to a vaeuum and those 
that have not, suggesting that there may be a loss of some low moleeular weight 
fragments. The most dramatic differences are in the low dosage samples of 
PET-PDMS, i.e. 200 and 400 kGy (Figure 5.8 and Figure 5.9 respectively), with the 
600 and 800 kGy (Figure 5.10 and Figure 5.11 respectively) samples only showing a
137
slight loss of the carbonyl stretching absorptions at around 1700 cm'^ on vacuum 
exposure. This suggests that the low molecular weight fragments produced in the 
early stages of irradiation become ineorporated into the network at higher doses.
The main absorptions that are decreasing on vacuum exposure in the 200 kGy and 
400 kGy spectra are those attributed to the aliphatie C-H stretches at around 
3000 cm'^ and the carbonyl absorption at 1772 cm '\ There is also a decrease, 
particularly in the 400 kGy sample, of the absorption at around 1600 cm '\ 
corresponding to decreases in the aromatie carbon stretches. This is supported by the 
change in the absorptions around 1 2 0 0  em'^ as these are thought to be aromatic 
overtones. It is interesting to note that by a dose of 600 kGy, most of the fragments 
produeed in the early stages of irradiation have become re-ineorporated in the 
polymer network. What this reveals about the e-beam cure mechanism is as yet 
uncertain. What is clear is that low moleeular weight fragments are produced on 
e-beam irradiation of PET-PDMS. However, the meehanism is likely to be very 
complex and much further study is required to elueidate it.
5.3.2 Blends of PET-PDMS, APDM-PDMS and TMS-PDMS with PETI-5
5.3.2.1 Blends of PET-PDMS with PETI-5
PET-PDMS had shown some promise as a reaetive diluent in the laboratory seale 
e-beam cure of PETI-5 (see Chapter 3), with e-beam irradiated PETI-5/ PET-PDMS 
blends experiencing around a 28 % drop in ethynyl concentration after 4 hours. It was 
thought that exposure of the blends to a more powerful e-beam, i.e. a higher dose rate, 
might result in a greater degree of cure. The Raman speetra of PETI-5/ PET-PDMS 
blends (50:50 and 75:25 mol%) exposed to an industrial scale e-beam for varying 
doses are given in Figure 5.12 (50:50 blend) and Figure 5.13 (75:25 blend).
138
O kG y
200 kG y
400 kG y
600 kG yINT
690 kG y
800 kG y
900 kG y
3500.0 3000 2000 1500 1000
Raman Shift /  cm-1
500 100.0
Figure 5.12 Raman spectra of the products of e-beam irradiation of 
PETI-5/ PET-PDMS (50:50)
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Figure 5.13 Raman spectra of the products of e-beam irradiation of 
PETI-5/PET-PDMS (75:25)
The Raman spectra of e-beam exposed PETI-5/ PET-PDMS do not show any 
discernible decrease in the ethynyl absorption on irradiation. In fact, the speetra do 
not reveal any ehanges at all. If there is any structure modification achieved by the 
industrial scale e-beam irradiation of PETI-5/ PET-PDMS, it is not detectable by 
Raman spectroscopy. The absence of any moleeular changes on irradiation is
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somewhat surprising given the limited suecess of PET-PDMS as a reaetive diluent in 
the laboratory scale e-beam cure of PETI-5 (Chapter 3). Notwithstanding the higher 
dose rates of the industrial irradiation, which would be expected to result in a higher 
crosslink density^, the total dose received by the blends was enough in the laboratory 
scale experiments to result in a decrease in ethynyl concentration. However, in light 
of the greatly reduced degree of cure observed on the industrial e-beam irradiation of 
neat PET-PDMS when compared to the laboratory scale experiments (section 5.3.1.1), 
the results are not so unexpected. Although the blends were vacuum bagged for 
irradiation, the vacuum would not be as high as that of the laboratory seale apparatus 
at the University of Surrey. This, coupled with the higher temperature experienced 
during irradiation and other variations in irradiation conditions, in some way 
prevented the successful e-beam initiation of crosslinking in PETI-5 by PET-PDMS. 
Further studies are required to determine why the blends cure at low dose rates in a 
high vacuum, but not at high dose rates in a low vaeuum.
5.3.2.2 Blends of TMS-PDMS and APDM-PDMS with PETI-5
Following on from the mechanistic studies of the laboratory scale e-beam irradiation 
of PETI-5 blends with TMS-PDMS and APDM-PDMS (Chapter 4), the effect of a 
more powerful e-beam on the blends was thought worthy of study. Given the laek of 
success experieneed in irradiating blends of PETI-5 with TMS-PDMS, only the 50:50 
mol% blend was ehosen for study on the larger e-beam apparatus. The Raman spectra 
of industrial scale e-beam irradiated PETI-5/ TMS-PDMS (50:50) are given in Figure 
5.14.
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Figure 5.14 Raman spectra of the products of e-beam irradiation of 
PETI-5/ TMS-PDMS (50:50)
The Raman spectra of e-beam irradiated PETI-5/ TMS-PDMS show no decrease in 
the ethynyl absorption on increasing dose. There are no discernible differences 
between the unirradiated blends and those irradiated at the relatively high doses of 
690 and 900 kGy. This is consistent with the lack of reaction observed in the 
laboratory scale e-beam cure of the blends. However, given the failure of PET-PDMS 
to initiate any reactions in PETI-5 on irradiation with the industrial e-beam (Section 
5.3.2.1), it is not possible to say whether TMS-PDMS failed to initiate cure in PETI-5 
due to the conditions of irradiation or because it is an ineffective reactive diluent.
In addition to blends of TMS-PDMS with PETI-5, samples of PETI-5/ APDM-PDMS 
(50:50 and 75:25 mol%) were also exposed to the industrial scale e-beam for 
increasing doses. The Raman spectra of e-beam irradiated PETI-5/ APDM-PDMS are 
given in Figure 5.15 (50:50 blend) and Figure 5.16 (75:25 blend).
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Figure 5.15 Raman spectra of the products of e-beam irradiation of 
PETI-5/ APDM-PDMS (50:50)
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Figure 5.75 Raman spectra of the products of e-beam irradiation of 
PETI-5/APDM-PDMS (75:25)
The Raman spectra of e-beam irradiated PETI-5/ APDM-PDMS show no decrease in 
the ethynyl absorption at 2213 cm '\ This is particularly surprising in the 50:50 blend 
given the success of APDM-PDMS as a reactive diluent in the laboratory scale 
e-beam cure of PETI-5 (chapter 4). Given that a 2-hour exposure of the 50:50 PETI-5/ 
APDM-PDMS blend to a 25 keV e-beam resulted in almost total cure, some degree of 
cure might have been expected in the industrial scale irradiation. However, bearing in
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mind the reduced efficiency of the curing in neat PET-PDMS and the total lack of 
crosslinking in the PETI-5/ PET-PDMS blends on industrial e-beam exposure, the 
lack of reaction in the APDM-PDMS blends is not totally unexpected. The differences 
in the e-beam conditions mentioned in earlier sections of this chapter (Sections 5.3.1.1 
and 5.3.2.1) are no doubt responsible for the failure of APDM-PDMS to initiate 
crosslinking reactions in blends with PETI-5.
Although there is no crosslinking occurring through the ethynyl bond on e-beam cure 
of PETI-5/ APDM-PDMS and little spectral evidence of any structural changes, 
irradiation of the blends does result in some physical change. Although there was no 
colour change on irradiation, the irradiated APDM-PDMS blends are less brittle than 
the unirradiated blends. There has clearly been some ‘hardening’ of the blends on e- 
beam exposure. This ‘hardening’ was not observed in any of the PET-PDMS and 
TMS-PDMS blends with PETI-5. The amine in the APDM-PDMS may therefore be 
having an effect on the e-beam behaviour of the PETI-5 blend, even when cure itself 
is not taking place. The precise nature of this effect has yet to be determined and 
further studies are required to explain it.
5.4 Summary
Samples of PET-PDMS and blends of PETI-5 with PET-PDMS, TMS-PDMS and 
APDM-PDMS were taken to Acsion Industries in Pinawa, Canada for irradiation at its 
industrial e-beam facility. The results of these irradiations were not as promising as 
expected and did not compare favourably with samples run on the smaller e-beam 
apparatus at the University of Surrey. Although the Raman spectra of industrially 
irradiated samples of neat PET-PDMS did show evidence of crosslinking via the 
ethynyl bond, the degree of ethynyl loss was far less than that observed in samples 
irradiated at the University of Surrey with a similar dose. Multivariate analysis of the 
Raman spectra of irradiated PET-PDMS indicated that different mechanisms may be 
occurring in samples irradiated at Acsion Industries and those irradiated at the 
University of Surrey.
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Irradiation of blends of PETI-5 with PET-PDMS, TMS-PDMS and APDM-PDMS did 
not result in any crosslinking via the ethynyl bond. In the PET-PDMS and 
TMS-PDMS blends with PETI-5 there was no evidence of any structural change on e- 
beam irradiation. Although there was no spectral evidence of change in the 
PETI-5/APDM-PDMS blends, the blends did become less brittle after irradiation 
suggesting that some changes may be occurring.
The differences between the products of irradiation of the experiments carried out at 
Acsion Industries and those carried out at the University of Surrey are thought to be 
due to differences in the irradiation conditions. One of the main differenees in the two 
techniques is the high vacuum used in the University of Surrey apparatus and the 
absence of this vacuum in the Acsion Industries irradiations. The higher dose rate, 
temperature and the presence of oxygen in the latter experiments may also be 
contributing factors. These variations illustrate the importance of the conditions of 
irradiation, in addition to total dose, in the e-beam cure of some imide-terminated 
oligomers. Some of the avenues of further study suggested by the work carried out at 
Aesion Industries are considered in Chapter 7.
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Chapter 6 Maleimide studies
6.1 Introduction
As mentioned in Chapter 1, one of the limitations of the e-beam curing technique was 
the low availability of e-beam curable resins\ The ability to cure commercially 
available resin systems with e-beams would therefore be a distinct advantage. The 
success, albeit limited, of an imide-terminated siloxane as a reactive diluent in the e- 
beam cure of a commercially available resin was demonstrated in Chapter 3.
Bismaleimide (BMI) resins are becoming increasingly used as matrices in composites 
for high performance applications, due to their good physical and excellent thermal 
properties^. As was discussed in Chapter 1, successful e-beam processing of some 
BMI resins has been demonstrated by a number of groups^’"^’^ ’^ . One of the most 
common industrial BMIs is derived from 4,4’-diaminodiphenylmethane (DDM)^. 
However, this monomer is a solid at room temperature and may be crystalline in high 
purity. As such it was not expected to undergo e-beam cure. Many efforts have been 
made to modify the rheology of BMI resins by incorporating siloxane chains into the 
backbone^’^ ’^ ®’^  ^ With this in mind, a maleimide-terminated polydimethylsiloxane 
(MT-PDMS) was synthesised from an amine-terminated siloxane and maleic 
anhydride with a view to investigating its effectiveness as a reactive diluent in the e- 
beam cure of the commercial resin 4,4’-diaminodiphenylmethane bismaleimide 
(DDM-BMI) (Figure 6.1).
o o
Figure 6.1 4,4’-Diaminodiphenylmethane bismaleimide (DDM-BMI)
As with PETI-5, it was thought that the physical state of DDM-BMI at room 
temperature would have limited the mobility of chains and radicals during e-beam 
exposure, thus hindering cure. It was thought that the flexibility that the siloxane 
backbone of MT-PDMS would lend in blends with DDM-BMI might allow e-beam 
initiated cure reactions to take place. The effect of exposure of MT-PDMS to a
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laboratory scale e-beam as both neat resin and blends with DDM-BMI is investigated 
and an attempt made to compare the thermal and e-beam cure mechanisms. Raman 
and infrared spectroscopy are used extensively and a multivariate analysis carried out 
on the Raman data where appropriate.
6.2 Experimental
6.2.1 Materials
Maleic anhydride was obtained from Fisher Scientific. Aminopropyldimethyl- 
terminated polydimethylsiloxane (APDM-PDMS) with an approximate molecular 
weight of 2500 and a viscosity of 50 cSt was obtained from Fluorochem. 
A-methylpyrollidinone and DDM-BMI were obtained from Aldrich. /?-Xylene was 
obtained from Fisher Chemicals. All products were used as received.
6.2.2 Equipment
E-beam irradiations were carried out with an Oxford Applied Electronics EB50 
electron gun at pressures of 7x10'^ torr or less. Infrared spectra were obtained on a 
Perkin-Elmer System 2000 Fourier transform infrared (FTIR) spectrophotometer after 
averaging over 16 scans at a resolution of 4 cm '\ Neat samples were placed between 
NaCl plates for analysis. Raman spectra were obtained on a Perkin-Elmer System 
2000 NIR Fourier transform Raman (FT-Raman) spectrophotometer operating at 1064 
nm from a Nd:YAG laser source. Raman spectra were collected after averaging over 
32 scans at a resolution of 4 cm '\ A laser power of between 480-800 mW was used. 
Samples were placed in glass vials for analysis. Multivariate analysis was carried out 
using ‘Unscrambler’ version 7.6 from Camo ASA. NMR spectroscopy was 
undertaken with a Bruker AC-300 spectrometer operating at 300.13 MHz with 
deuterated acetone as the solvent. Thermal cures were carried out in a John Godrich 
Co. programmable oven. All films were cast manually on glass using a 5 pm K-Bar 
unless otherwise stated.
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6.2.3 Neat DDM-BMI studies
6.2.3.1 Thermal cure of DDM-BMI
Small amounts of DDM-BMI were placed in clean glass vials and heated for 2 hours 
at 180 °C, followed by 1 hour at 200 °C. The samples were allowed to cool slowly to 
room temperature and analysed by Raman spectroscopy.
6.2.3.2 Electron-beam irradiation of DDM-BMI
DDM-BMI (1.97 g) was dissolved in dichloromethane and cast into a 5.5 cm diameter 
petri dish. The solvent was then evaporated to leave an approximately 5 pm film of 
DDM-BMI on glass. The thin film was then exposed to a 25 keV e-beam with an 
emission current of ~ 52 pA for 2 hours under a pressure of ~7 x 10’^  Torr. The 
irradiated film was removed from the glass with a spatula and analysed by FT-Raman 
spectroscopy.
6.2.4 Neat MT-PDMS studies
6.2.4.1 Synthesis of MT-PDMS
Maleic anhydride (1.55 g, 0.016 mol) was added to aminopropyldimethyl-terminated 
polydimethylsiloxane (18.03 g, 7.2 x 10'  ^mol) in A-methylpyrollidinone (NMP) (50 
ml, 0.52 mol) and the reaction mixture stirred for 18 hours under nitrogen. p-Xylene 
(15 ml) was then added to the reaction mixture and the solution refluxed with a Dean 
and Stark trap for 6  hours under nitrogen.
The reaction mixture was extracted with dichloromethane (DCM) and the extracts 
washed with water to remove the NMP. The DCM layer was dried over magnesium 
sulphate, filtered and the solvent removed on a rotary evaporator. A dark brown 
viscous liquid was obtained (13.04 g, 6 8  % yield) and left in an oven at 60 °C 
overnight to remove any traces of solvent. Elemental analysis calculated for 
C8 2 H2 1 6 N2 0 3 5 S1 3 2 : C 36.66 %; H 8.05 %; N 1.04 %; found: C 34.79 %; H 8.51 %; N
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0.86 %. IR (NaCl plates): 2960 cm'^ (m, C-H), 1702 cm'^ (m, imide), 1257 cm'^ (vs, 
Si-CHs), 1006 cm'^ (vs, Si-0), 783 cm'  ^ (vs, Si-0).
6.2.4.2 Electron-beam irradiation of neat MT-PDMS
Thin (5 pm) films of MT-PDMS were cast on to clean, glass microscope slides and 
irradiated with a 25 keV beam and an emission current of -53 pA for 0, 0.25, 0.5, 1, 
2, 4, or 8  hour exposures under a pressure of -7x10'^ Torr. Cured films were removed 
from the slides with a spatula and analysed by FT-Raman spectroscopy.
6.2.4.3 Thermal cure of neat MT-PDMS
Small amounts of MT-PDMS were placed in clean glass vials and heated for 2 hours 
at 100 °C, 150 °C, 200 °C, 250 °C or 300 °C. The samples were then analysed by FT- 
Raman spectroscopy.
6.2.5 Blends with DDM-BMI
6.2.5.1 Preparation of DDM-BMI/ MT-PDMS blends
The required amounts of DDM-BMI and MT-PDMS (see Table 6.1) were dissolved 
in dichloromethane. The dichloromethane was then removed on a rotary evaporator to 
leave a well-blended mixture of DDM-BMI and MT-PDMS. The blends were left to 
dry overnight in a vacuum desiccator.
Blend imol%) Mass of components (g)
DDM-BMI MT-PDMS Mass DDM-BMI Mass MT-PDMS)
75 25 0.417 1 . 0
50 50 0.139 1 . 0
Table 6.1 Preparation of 72:25 and 50:50 DDM-BMI/ MT-PDMS blends
6.2.5.2 Electron-beam irradiation of DDM-BMI/ MT-PDMS blends
Thin films on glass of DDM-BMI/ MT-PDMS (see section 6.2.5.1) were irradiated 
with a 25 keV e-beam and an emission current of -  52 pA for 0, 1, 2 or 4 hours. 
Irradiated films were then removed from the glass with a spatula and analysed by 
Raman and FTIR-ATR spectroscopy.
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6.2.5.3 Thermal cure of DDM-BMI/ MT-PDMS blends
Small amounts of DDM-BMI/ MT-PDMS were placed in clean glass vials and heated 
for 2 hours at 180 °C, followed by 1 hour at 200 °C (the required cure schedule for 
neat DDM-BMI^^). The samples were allowed to cool slowly to room temperature 
and analysed by Raman and FTIR-ATR spectroscopy.
6.3 Results and discussion
6.3.1 Neat DDM-BMI studies
6.3.1.1 Thermal cure of DDM-BMI
Samples of DDM-BMI were cured thermally for 2 hours at 180 °C, followed by 1 
hour at 200 °C. This temperature schedule was recommended as one that would result 
in total cure of the resin^^ and was therefore used in this work. The thermally cured 
resin was a hard, glassy, yellow solid. A Raman spectrum of thermally cured DDM- 
BMI (Figure 6.2) is given to serve as a reference with future sections in this chapter. 
There is a broadening of many of the absorptions in the spectrum after cure, with an 
increase in the absorption at around 1650 c m \  A  decrease in the absorption at 
1600 cm'^ is also apparent. The absorptions for both the aromatic and maleimide 
stretches both appear around the 1600 cm'  ^ region of the spectrum, so it is not 
possible to unequivocally assign these absorptions.
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Figure 6.2 Raman spectra of uncured and thermally cured DDM-BMI 
6.3.1.2 Electron-beam irradiation of DDM-BMI
It is apparent from the Raman spectra of DDM-BMI before and after e-beam exposure 
that the resin is not e-beam curable (Figure 6.3). The spectrum of e-beam exposed 
DDM-BMI appears identical to that of the unexposed material and in no way 
resembles the spectrum of the thermally cured material (Figure 6.2).
un exposed
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Figure 6.3 Raman spectra of unexposed and e-beam exposed DDM-BMI
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A visual comparison of e-beam irradiated DDM-BMI with thermally cured DDM- 
BMI also suggested that no crosslinking had taken place. The thermally cured sample 
is a hard, yellow solid whereas the e-beam exposed sample remains a yellow powder, 
in short, appearing the same as unirradiated DDM-BMI.
Although certain BMIs are known to be e-beam curable^’"^’^ ’^ , this evidence clearly 
shows that DDM-BMI itself is not susceptible to e-beam cure. DDM-BMI is a solid at 
room temperature, so this may be restricting the mobility of the radicals and chains 
during exposure, as was postulated in chapter 3 with regard to the e-beam cure of 
PETI-5 (Section 3.3.1.3). Additionally, the aromatic rings in the resin may be 
absorbing the energy of the e-beam, making cure of the maleimide group more 
difficult^The addition of a reactive diluent to alter the rheology of DDM-BMI may 
result in successful e-beam cure of the resin.
6.3.2 MT-PDMS studies
6.3.2.1 Synthesis of MT-PDMS
o
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Figure 6.4 Maleimide-terminated polydimethylsiloxane
A maleimide-terminated polydimethylsiloxane (MT-PDMS) (Figure 6.4) was 
synthesised by the reaction of aminopropyldimethyl-terminated polydimethylsiloxane 
(molar mass 2500) with maleic anhydride to produce an amic acid which was 
subsequently heated to give the imide (Figure 6.5). The product was a dark brown, 
viscous liquid at room temperature.
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Figure 6.5 Synthesis of a maleimide-terminated polydimethylsiloxane (MT-PDMS)
Raman and infrared spectra (see Figure 6 . 6  and Figure 6.7 respectively) indicate the 
formation of MT-PDMS. Although the spectra do not show the expected maleimide 
absorption at around 1589 cm'  ^ the presence of imide carbonyl absorptions at 
around 1700 cm'^ indicate successful end-capping of the polydimethylsiloxane and 
confirm that ring closure has taken place. Assignment tables for the spectra are given 
in Table 6.2.
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Figure 6.6 Raman spectrum of MT-PDMS
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Figure 6.7 Infrared spectrum of MT-PDMS
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IR c m '" Raman cm'^ “ Assignment ^
2960 m 2966 s C-H str
2907 V.9 C-H str
1772 w CO-N-CO
1702 m CO-N-CO
1399 m-w 1406 m-w CHs bend
1257 1259 w Si-CHs
1070 5 Si-O-Si str
1006 vs Si-O-Si str
783 785 w Si-O-Si
710 m
489 m Si-O-Si sym
 ^vs = very strong, s = strong, m = medium, w = weak, vw = very weak 
* str = stretching vibration, bend = bending vibration, sym = symmetric vibration
Table 6.2 Spectral assignments for MT-PDMS
The NMR spectrum of MT-PDMS is shown in Figure 6 . 8  (see also Table 6.3). The 
Si-CHs signals are clearly visible at around 0.1 ppm. Although the presence of the 
maleimide could not be confirmed by vibrational spectroscopy, the NMR spectrum 
of the product shows a signal at around 6 . 8  ppm, confirming the presence of the 
maleimide groups.
Peak Shift (p.p.m.) Assignment
0 . 1 Si-CHs
0.55 Aliphatic protons from propyldimethyl group
2.04 D 6 -Aeetone
2.72 Water in acetone?
3.44 Aliphatie protons from propyldimethyl group
6 . 8 Maleimide C-H
Table 6.3 NMR assignments for MT-PDMS
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Figure 6.8 NMR spectrum of MT-PDMS 
6.3.2.2 Electron-beam irradiation of neat MT-PDMS
Thin films of MT-PDMS were exposed to a 25 keV e-beam for increasing periods of 
time. The resulting polymers were yellow, elastomeric solids, with those that had 
been irradiated for longer periods being more yellow than those that had had only a 
short exposure. The infrared and Raman spectra of e-beam exposed MT-PDMS 
(Figure 6.9 and Figure 6.10 respectively) do not show any significant features on 
casual observation. There is little to distinguish the irradiated samples with the 
unirradiated sample when the spectra are observed with the naked eye.
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Figure 6.9 Infrared spectra of the products of e-beam exposure of MT-PDMS
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Figure 6.10 Raman speetra of the products of e-beam exposure of MT-PDMS
Whilst a visual comparison of the vibrational spectra of e-beam exposed MT-PDMS 
did not reveal any molecular changes, a multivariate analysis of the spectral data was 
more revealing. The Raman spectra were normalised to the C-H symmetric stretch at 
2907 em'^ (Figure 6.11) and a principal component analysis carried out on the data 
(Figure 6.12). There is clear evidence from this analysis that changes are occurring in
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the molecular environment on e-beam irradiation. The only two significant principal 
components in the analysis show loss of the absorptions at 489 cm'^ and 710 cm '\ 
corresponding to cleavage of Si-0 bonds. The changes in the region of the spectra 
corresponding to the siloxane methyl groups (-3000 cm'^) are consistent with an 
increase in the disorder of the packing of these groups^^, again suggesting that 
cleavage of the siloxane chain is taking place. These changes account for 99 % of the 
variance in the time data resulting in the excellent correlation coefficient of 0.9949 for 
‘predicted’ versus ‘measured’ irradiation time.
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Figure 6.11 E-beam cured MT-PDMS Raman data normalised to aliphatic CHg
symmetric band near 2907 cm"\
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Figure 6.12 Principal component analysis of the Raman spectra of e-beam irradiated 
MT-PDMS. a) (top left) Plot of PC3 against PC2, b) (top right) Linear combination of 
PCs that form the regression coefficient, c) (bottom left) The only significant PCs, 
d) (bottom right) “Predicted” vs. “measured” radiation time.
Whilst there is no direct evidence that crosslinking is taking place during e-beam 
irradiation of MT-PDMS, it is reasonable to assume that it is occurring. The 
multivariate analysis indicates that chain scission is taking place, but if this were the 
only process occurring then the resulting polymer would be a brittle solid due to loss 
of the flexibility afforded by the siloxane backbone. The e-beam exposed resin is in 
fact an elastomeric product, indicating that crosslinking is also taking place. It is 
possible that the chain scission is initiating the crosslinking reactions. It is not 
possible to say at this stage whether this crosslinking is entirely due to the siloxane 
chain, or whether cure may be taking place via the maleimide groups. However, given 
that the product is elastomeric, it probably retains a reasonable proportion of siloxane 
chains, although possibly of reduced length. Further studies of e-beam irradiated 
MT-PDMS are needed.
6.3.2.3 Thermal cure of neat MT-PDMS
Samples of neat MT-PDMS were heated for 2 hours at various temperatures to 
investigate the thermal cure of the resin and to allow a comparison with the e-beam
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irradiated material. The Raman and infrared spectra of thermally cured MT-PDMS are 
given in Figure 6.13 and Figure 6.14 respectively.
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Figure 6.13 Raman spectra of the products of thermal cure of MT-PDMS
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Figure 6.14 Infrared spectra of the products of thermal cure of MT-PDMS
As with e-beam irradiated MT-PDMS, the vibrational spectra of thermally cured MT- 
PDMS yield little information on first inspection. Other than an increase in 
fluorescence in the Raman spectrum of MT-PDMS cured at 250 °C, there is little to
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distinguish the cured materials from the uncured. Once again, a multivariate analysis 
of the Raman data proved valuable in elucidating some of the changes undergone by 
the polymer on thermal cure. The Raman spectra were normalised to the C-H 
symmetric stretch at 2907 cm'^ (Figure 6.15) and a principal component analysis 
carried out on the data (Figure 6.16). The analysis reveals the slight loss of the 
absorptions at 485 cm'^ and 703 cm '\ attributable to changes in the Si-0 backbone. 
The most significant change in the spectral data on thermal cure is in the region of the 
spectrum corresponding to the siloxane methyl groups (-3000 cm'^). This change 
suggests that the packing of these groups becomes more ordered, i.e., becomes more 
crystalline, on increasing temperature^^, suggesting that a thermal cure is taking place. 
The only two significant principal components account for 97 % of the temperature 
data and show a good correlation coefficient of 0.9899 for ‘predicted’ versus 
‘measured’ temperature.
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Figure 6.15 Thermally cured MT-PDMS Raman data normalised to aliphatic CH3
symmetric band near 2907 cm '\
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Figure 6.16 Principal component analysis of the Raman spectra of thermally cured 
MT-PDMS. a) (top left) Plot of PCI against PC2, b) (top right) Linear combination of 
PCs that form the regression coefficient, c) (bottom left) The only significant PCs, 
d) (bottom right) “Predicted” vs. “measured” temperature.
It would seem from the increase in fluorescence in the Raman spectrum of the sample 
cured at 250 °C that this is the cure temperature of MT-PDMS. This is confirmed by 
the position of the 250 °C spectrum in the plot of PCI against PC2 (Figure 6.16 a, 
N.B. 250 °C spectrum is named R090402G in the analysis). The spectrum lies on the 
right hand side of the plot in isolation from the other spectra, suggesting that more 
changes are occurring in the sample at this temperature. MT-PDMS became 
increasingly viscous as the temperature increased with totally thermally cured MT- 
PDMS (250 ®C) being a dark-brown, elastomeric solid.
The multivariate analyses of the vibrational spectra of e-beam and thermally cured 
MT-PDMS suggest that there are distinct differences in the mechanisms of the two 
cure methods. The main differences are illustrated by the changes occurring in the 
region of the spectra corresponding to the siloxane methyl groups (-3000 cm'^). The 
increase in the disorder, i.e., decrease in crystallinity, of the packing of these groups 
during e-beam irradiation indicates a complex cure mechanism, whereby the siloxane 
chain is being cleaved by the e-beam whilst crosslinking of the chain fragments and 
possibly the maleimide groups is also occurring. Conversely, the increase in the order
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of the packing of the methyl groups (crystallinity) in thermal cure of MT-PDMS is 
indicative of a simpler crosslinking mechanism, perhaps without the chain cleavage 
seen in e-beam cure. However, the kinetics involved in the thermal cure of 
MT-PDMS are also likely to be different to that of DDM-BMI, due to the 
incorporation of the siloxane unit. Chun-Shan and Tsu-Chang stated that the thermal
cure kinetics of a maleimide-terminated siloxane were different from a general BMI
• 11 resin .
6.3.3 Blends with DDM-BMI
6.3.3.1 Electron-beam irradiation of DDM-BMI/ MT-PDMS blends
Although some BMIs are e-beam curable, DDM-BMI does not appear to be 
susceptible to e-beam cure (Section 6 .3.1.2). As there was some evidence of e-beam 
initiated crosslinking in MT-PDMS (Section 6.3.2.2), it was thought that it could be 
used as a reactive diluent in blends with DDM-BMI in order to initiate crosslinking 
reactions in the commercial resin. Accordingly, blends of DDM-BMI/ MT-PDMS 
(50:50 and 72:25 mol%) were solution cast from DCM and exposed to a 25 keV e- 
beam for 2 or 4 hours. The infrared and Raman spectra of e-beam exposed DDM- 
BMI/ MT-PDMS (50:50) are given in Figure 6.17 and Figure 6.18 respectively. The 
infrared and Raman spectra of DDM-BMI/ MT-PDMS (75:25) are given in Figure 
6.19 and Figure 6.20.
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Figure (5.77 Infrared spectra of e-beam exposed DDM-BMI/ MT-PDMS (50:50)
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Figure 6.18 Raman spectra of the products of e-beam irradiation of 
DDM-BMI/MT-PDMS (50:50)
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Figure 6.19 Infrared spectra of e-beam exposed DDM-BMI/ MT-PDMS (75:25)
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Figure 6.20 Raman spectra of the products of e-beam irradiation of 
DDM-BMI/MT-PDMS (75:25)
The Raman and infrared spectra of both 50:50 and 75:25 DDM-BMI/ MT-PDMS 
blends appear to show a slight loss of the imide carbonyl absorption at 1772 cm"' 
(Raman) and 1702 cm'^ (infrared) after exposure to the e-beam. This carbonyl loss is 
not apparent in the e-beam irradiation of either neat DDM-BMI or neat MT-PDMS 
indicating that the blends are behaving differently to the neat resins when exposed to
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the e-beam. Other than the slight loss of the carbonyl absorption, there are no other 
obvious changes occurring to the blends on e-beam exposure.
There is little to distinguish the spectra of e-beam exposed 50:50 and 75:25 DDM- 
BMI/ MT-PDMS, suggesting that the concentration of MT-PDMS in the blends has 
little effect on e-beam cure. However, it is not possible to say this with certainty as the 
vibrational spectra yield little information on casual observation. It is possible that 
there are differences between the 50:50 and 75:25 blends that simply are not visible in 
the vibrational spectra. Likewise, there may be changes occurring on increased e- 
beam exposure that are not detectable by Raman and infrared spectroscopy. Further 
studies are needed to elucidate the effect of MT-PDMS on the e-beam cure of DDM- 
BMI.
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6.3.3.2 Thermal cure of DDM-BMI/ MT-PDMS blends
The addition of MT-PDMS to DDM-BMI appears to have some effect on the products 
of e-beam irradiation of the latter resin. In order to determine whether it could have a 
similar effect on the thermal cure of DDM-BMI, samples of DDM-BMI/ MT-PDMS 
(50:50 and 75:25 mol %) were cured thermally for 2 hours at 180 °C, followed by 1 
hour at 200 °C (the required cure schedule for neat DDM-BMI^^). The Raman and 
infrared spectra of thermally cured 50:50 DDM-BMI/ MT-PDMS are shown in Figure 
6.21 and Figure 6.22 respectively, whilst the Raman and infrared spectra of thermally 
cured 75:25 DDM-BMI/ MT-PDMS are given in Figure 6.23 and Figure 6.24.
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Figure 6.21 Raman spectra of uncured and thermally cured 
DDM-BMI/MT-PDMS (50:50)
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Figure 6.22 Infrared spectra of uneured and thermally cured 
DDM-BMI/ MT-PDMS (50:50)
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Figure 6.23 Raman spectra of uncured and thermally cured 
DDM-BMI/MT-PDMS (75:25)
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Figure 6.24 Infrared spectra of uneured and thermally cured 
DDM-BMI/MT-PDMS (75:25)
It proved difficult to obtain Raman spectra of the thermally cured blends (Figure 6.21 
and Figure 6.23), due to the dark colour of the samples absorbing much of the heat of 
the laser. Although the aliphatic C-H stretches at around 3000 cm'^ are still visible, 
none of the other absorptions are sufficiently clear to allow sensible interpretation of 
the spectra.
The infrared spectra of the thermally cured samples (Figure 6.22 and Figure 6.24) 
reveal a decrease, almost disappearance, of the absorption at around 1600 cm '\ 
Whilst the absorptions for both the aromatic and maleimide stretches appear around 
the 1600 cm'  ^ region of the spectrum, it is likely that the decrease in the absorption is 
attributable to loss of the maleimide group. The remaining signal may be due either to 
unreacted maleimide groups or to aromatic absorptions in the same region of the 
spectrum, more likely the latter. There appears to be little difference between the 
50:50 and 75:25 blends.
In addition to the expected loss of the maleimide group, the infrared spectra also 
reveal a slight loss of the imide carbonyl absorption at around 1702 cm’  ^ on thermal 
cure. This carbonyl loss was also observed in the e-beam cure of the DDM-BMI/ MT- 
PDMS blends, though not in either the thermal or e-beam cure of neat MT-PDMS or
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neat DDM-BMI. This suggests that MT-PDMS is modifying the cure, both thermal 
and e-beam, of DDM-BMI in some as yet unknown manner. It may or may not be due 
to cure taking place via the carbonyl groups, however the appearance of any ether 
linkages that might result from this are masked by the strong absorption of the 
siloxane linkage in this region of the spectrum. Further studies of the effect of MT- 
PDMS on the thermal and e-beam cure of DDM-BMI are required.
6.4 Summary
A maleimide-terminated polydimethylsiloxane was synthesised from the reaction of 
an amine-terminated siloxane and maleic anhydride. Multivariate analysis of the 
Raman spectra of e-beam exposed MT-PDMS indicated that the siloxane chain is 
undergoing cleavage on irradiation, crosslinking also oceuring. The analysis was 
unable to prove that crosslinking was occurring via the maleimide group due to the 
absence of this absorption in the vibrational spectra. Thermal cure of MT-PDMS 
takes place at around 250 °C as evidenced by the increase in fluorescence in the 
Raman spectra at this temperature. A multivariate analysis of the Raman spectra of 
thermally cured MT-PDMS revealed that the e-beam and thermal cure mechanisms 
differ, with the e-beam mechanism appearing more complex than the thermal 
mechanism.
MT-PDMS appeared to have some effect on the behaviour of DDM-BMI when 
exposed to an e-beam. Whilst there were no changes apparent in the spectra of e-beam 
irradiated neat DDM-BMI, spectra of blends of DDM-BMI and MT-PDMS showed 
some spectral differences. The most notable of these differences was the decrease in 
the carbonyl absorption on both e-beam exposure and thermal cure of the blends. This 
carbonyl loss was only apparent in the spectra of the DDM-BMI/ MT-PDMS blends 
and not in any of the studies of the neat resins, suggesting that MT-PDMS is in some 
way modifying the cure, both thermal and e-beam, of DDM-BMI. The precise nature 
of this effect was not determined in this project due to time constraints.
These studies have shown that e-beam irradiation of MT-PDMS does result in some 
structural modification, with crosslinking and chain scission occurring. The 
mechanisms involved are likely to be complex and more studies are required to
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further elucidate the changes taking place and the mechanisms behind them. 
Unfortunately, time restrictions prevented further investigation of this resin system 
within this project, but some of the avenues of further study are discussed in 
Chapter 7.
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Chapter 7 Conclusions and further work
7.1 Overview
High performance polymer matrix composites are becoming increasingly used in 
today’s society and are replacing more traditional materials in many applications. 
Conventional cure of these polymer matrices is achieved thermally in large 
autoclaves. In recent years, however, much interest has been shown in the possibility 
of using high-energy electron-beams (e-beams) to promote polymerisation and 
crosslinking reactions, particularly for use in the aerospace industry. The advantages 
of e-beam curing are well documented^
Phenylethynyl-terminated imide (PETI) oligomers show great promise for high 
performance applications. The ability to cure these polymers with e-beams would 
overcome a number of disadvantages associated with thermal cure and would also 
decrease the cost of production. PETI-5, arguably the best-known PETI resin, is not e- 
beam curable. One of the aims of this project was to determine whether the 
phenylethynyl end-group could be e-beam cured and, if so, whether it would be 
possible to promote e-beam cure in PETI-5 using a suitable reactive diluent. To 
attempt to understand any e-beam initiated reactions and to compare them with the 
thermal cure mechanisms were also among the aims of this work.
One of the challenges to be overcome before e-beam processing of polymers and 
composites can be considered truly comparable to traditional thermal curing is the 
limited number of commercially available e-beam curable resins. E-beam cure of 
bismaleimide resins has already been demonstrated by some groups" ’^^ ’^ ’^ , so it was 
decided to determine whether e-beam cure of a commercially available thermally 
curable resin, namely 4,4’-diaminodiphenylmethane-bismaleimide (DDM-BMI), 
could be promoted with the addition of a suitable reactive diluent.
The remainder of this chapter is divided into two sections. The first of these. Section 
7.2, summarises the work carried out on the e-beam cure of PETI-5 and the 
phenylethynyl end-group, followed by a summary of the work carried out on the
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bismaleimide resin DDM-BMI. The seeond section, Section 7.3, considers some 
avenues of further study suggested by this project.
7.2 Summary and conclusions
7.2.1 Summary and conclusions of PETI-5 studies and the phenylethynyl group
A novel phenylethynyl-terminated polydimethylsiloxane (PET-PDMS, Figure 7.1) 
was synthesised from the reaction of 4-phenylethynylphthalie anhydride and 
aminopropyldimethyl-terminated polydimethylsiloxane (APDM-PDMS). The 
formation of this structure was confirmed with infrared and Raman spectroscopy by 
the appearance of a strong ethynyl absorption at 2213 cm'^ and carbonyl stretching 
absorptions at around 1770 em'^ indicative of successful end-capping and ring 
closure.
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Figure 7.1 Phenylethynyl-terminated polydimethylsiloxane (PET-PDMS)
Laboratory-seale e-beam irradiation of PET-PDMS resulted in the formation of a 
yellow solid. Multivariate analysis of the Raman spectra of e-beam exposed 
PET-PDMS revealed that the loss of the ethynyl bond was the most significant 
reaction occurring on irradiation, demonstrating that the phenylethynyl end-group is 
e-beam curable. Other significant features of the e-beam irradiation of PET-PDMS 
included siloxane cleavage and the loss of the aromatic absorption at 1613 cm '\ The 
latter was thought to be due to loss of toluene type fragments in the high vacuum of 
the e-beam chamber^. E-beam cure of PET-PDMS appeared to reach its full extent 
after around two to four hours exposure to a 25 keV e-beam, though there were still 
some residual ethynyl groups remaining after this time. E-beam irradiation of PET- 
PDMS with some commercially available radical initiators (azoZ?wisobutyronitrile 
(AIBN) and azodicarbonamide) failed to result in any further loss of these residual 
ethynyl groups.
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Industrial-scale e-beam irradiation of PET-PDMS did not result in the same structures 
as those observed in laboratory-seale e-beam irradiation of the oligomer. Irradiation of 
PET-PDMS with a 9 MeV e-beam resulted in a yellow, sticky elastomer. Multivariate 
analysis of the Raman spectra of industrially irradiated PET-PDMS revealed that 
there was some loss of the ethynyl absorption on cure and that it was the most 
significant reaction occurring on irradiation. However, the loss was less dramatic than 
that observed in the laboratory-seale e-beam experiments. These differences were 
thought to be a combination of the higher dose rates, the presence of oxygen and the 
lack of a vacuum to remove small molecular weight fragments in the industrial-scale 
experiments. These molecular fragments were thought to become incorporated in the 
polymer network in the industrial-scale irradiations, resulting in different cure 
mechanisms and therefore different final structures.
Thermal cure of PET-PDMS took place at 325 °C, 25 °C lower than the cure 
temperature of PETI-5^’^ ®. The thermal mechanism of PET-PDMS was shown to 
differ from the laboratory-seale e-beam cure mechanism with the former showing no 
siloxane cleavage on cure. In particular, the ratio of the two ethynyl signals in the 
Raman spectra of PET-PDMS was seen to change on e-beam cure, but not on thermal 
cure. Multivariate analysis of the Raman spectra of thermally cured PET-PDMS 
showed that the loss of the ethynyl absorption was the only significant reaction 
occurring during cure. This suggested that the e-beam cure mechanism is more 
complex than the thermal mechanism.
PET-PDMS showed some success as a reactive diluent in the laboratory-seale e-beam 
cure of PETI-5 with a 28 % drop in ethynyl concentration observed after a four-hour 
e-beam exposure of 50:50 and 75:25 mol% PETI-5/ PET-PDMS. Industrial-scale 
e-beam irradiation of these blends did not result in any detectable structural changes. 
This was thought to be due to the presence of oxygen and the absence of a vacuum in 
the larger-scale experiments. The higher dose rate in the industrial-scale irradiations 
may also have altered the e-beam behaviour of the irradiated material.
A trapped radical effect was observed in thermal post-cures of e-beam irradiated 
PETI-5/ PET-PDMS. Blends that were post-cured immediately after irradiation
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showed some slight further decrease in ethynyl concentration. Blends that were 
subjected to the same thermal treatment several weeks after irradiation showed no 
such decrease. However, the observed ethynyl loss was only slight and the post-cure 
is therefore not a significant effect.
Blends of PETI-5 with TMS-PDMS did not show any decrease in ethynyl 
concentration on e-beam irradiation. It was thought that this may be due to the poor 
solubility of TMS-PDMS in the PETI-5 poly(amic acid) solution. Conversely, blends 
of PETI-5 with high concentrations of APDM-PDMS (50:50 mol%), which mixed 
well together, showed a complete loss of ethynyl groups after a two-hour e-beam 
exposure. The concentration of the amine appears to be crucial to the success of this 
reaction as there is no reaction observed in the 75:25 mol% PETI-5/ APDM-PDMS 
blend. The amine was thought to be accelerating the e-beam reactions by increasing 
the rate of initial radical formation or by increasing the rate of reaction of the radicals 
with the ethynyl group. Experiments involving the e-beam irradiation of blends of 
PETI-5 with TMS-PDMS and simple amines showed no decrease in ethynyl 
concentration despite the high amine concentration. This would seem to highlight the 
importance of the siloxane radicals in the cure of the phenylethynyl end-group, since, 
owing to the poor solubility of TMS-PDMS in the PETI-5 poly(amie acid) solution, 
the radicals were unlikely to be able to diffuse efficiently in the irradiated blends. 
Industrial-scale irradiation of all PETI-5 blends proved unsuccessful, with no spectral 
evidence of structural change in any of the irradiated blends. However, there appeared 
to be some ‘hardening’ of the APDM-PDMS blends, suggesting that the amine was 
somehow modifying the behaviour of the blends on high-energy e-beam irradiation.
Although TMS-PDMS had very little effect on the thermal cure of PETI-5, both 
PET-PDMS and APDM-PDMS increased the rate of ethynyl loss at lower 
temperatures in the thermal cure of the imide. This effect was more pronounced in 
blends of PETI-5 with APDM-PDMS, which saw the 50:50 mol% blend reducing the 
cure temperature of PETI-5 by 25 °C. The thermal and e-beam cure mechanisms of 
the PETI-5 blends appeared to differ with the products of e-beam cure being more 
brittle than the thermally cured blends. This is not inconsistent with an e-beam
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mechanism involving cleavage of the siloxane chain and a thermal mechanism 
involving no such cleavage.
Attempts to use some e-beam curable acrylate compounds as alternative reactive 
diluents in the e-beam cure of PETI-5 proved unsuccessful due to the insolubility of 
the pre-imidised PETI-5 powder.
In conclusion, a novel PET-PDMS resin was synthesised and successfully e-beam 
cured, demonstrating that the phenylethynyl end-group is susceptible to e-beam 
initiated crosslinking. The thermal and e-beam cure mechanisms appear to differ with 
the latter being the more complicated. The complete e-beam cure of PETI-5 was 
demonstrated using APDM-PDMS as a reactive diluent at high concentrations. 
Results indicate that a high amine concentration, high vacuum, low dose rate and the 
presence of well-blended siloxane radicals are necessary for the complete cure of the 
phenylethynyl end-group in PETI-5.
7.2.2 Summary and conclusions of maleimide studies
A maleimide-terminated polydimethylsiloxane (MT-PDMS, Figure 7.2) was 
synthesised from the reaction of maleie anhydride with APDM-PDMS. Raman and 
infrared spectroscopy confirmed the formation of this structure from the appearance 
of a carbonyl stretching absorption at 1770 cm'^ indicative of successful end-capping 
and ring closure and the NMR spectrum showed, in addition to the expected 
siloxane signals, a signal at 6 . 8  ppm confirming the presence of the maleimide group.
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Figure 7.2 Maleimide-terminated polydimethylsiloxane (MT-PDMS)
Laboratory-seale e-beam irradiation of MT-PDMS resulted in the formation of a 
yellow, elastomeric solid. Multivariate analysis of the Raman spectra of e-beam 
irradiated MT-PDMS indicated that some crosslinking reactions were taking place, 
but were unable to confirm whether the maleimide group was involved due to the
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absence of this absorption in the Raman spectra. The results of the analysis suggested 
that the siloxane chain was undergoing cleavage on irradiation. Crosslinking is also 
likely to be occurring through the siloxane chain. Although the precise natures of the 
reactions are unknown, e-beam irradiation of MT-PDMS clearly resulted in some 
structure modification.
Thermal cure of MT-PDMS occurred at around 250 °C. Multivariate analysis of the 
Raman spectra of thermally cured MT-PDMS indicated that some crosslinking 
reactions were occurring. The thermal mechanism appeared to differ from the e-beam 
cure mechanism, with the latter being the more complex. There did not appear to be 
any cleavage of the siloxane chain on thermal cure of MT-PDMS.
Addition of MT-PDMS to the commercially available imide resin DDM-BMI resulted 
in some modification of the e-beam behaviour of DDM-BMI. Neat DDM-BMI 
showed no evidence of reaction on e-beam exposure, but in blends with MT-PDMS 
there appeared to be some loss of carbonyl groups on irradiation. This carbonyl loss 
was also observed in the thermal cure of DDM-BMI/ MT-PDMS blends, but not in 
any of the neat resin studies. This suggested that MT-PDMS was modifying the cure 
reactions of DDM-BMI in some way. Time restraints meant that this effect was not 
studied further in this project.
7.3 Suggestions for further work
One of the main limitations encountered in this project was the very small amount of 
sample produced by the laboratory-seale e-beam apparatus. The limited quantity of 
available sample meant that much of the analysis into the effects of the e-beam was 
limited to non-destructive analysis techniques that required only small amounts of 
sample, in short, the project relied heavily upon vibrational spectroscopy. Attempts to 
produce larger amounts of sample on an industrial e-beam highlighted the importance 
of irradiation conditions and showed that laboratory and industrial scale irradiations 
were not comparable. One possibility for further work might involve the design and 
production of a customised e-beam apparatus that allowed curing of much thicker 
samples, but under a similar vacuum to that experienced in the laboratory-seale 
irradiations. With larger amounts of irradiated sample, further testing into the effects
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of the e-beam could be considered, which would lead to a greater understanding of the 
mechanisms involved in the e-beam cure of the phenylethynyl end-group and of 
DDM-BMI.
The use of a heating stage in the e-beam curing apparatus might allow the study of the 
effects of temperature on e-beam cure and would help to determine whether the 
higher temperatures experienced by the industrially irradiated samples of PET-PDMS 
and blends with PETI-5 were significant in producing the differences observed 
between industrial and laboratory scale irradiations.
The lack of vacuum and the presence of oxygen in the industrial scale irradiations 
were thought to be important factors in the different structures obtained from these 
experiments. In order to determine how much of the effect was due to the presence of 
oxygen, repeating the experiments at atmospheric pressure under a nitrogen 
atmosphere might be of interest.
It was thought that small molecular weight fragments were produced in the e-beam 
which were subsequently lost in the high vacuum of the laboratory scale apparatus. It 
would be beneficial to develop some way of trapping these fragments in order to 
identify them. This might be achieved with an easily removable trap near the vacuum 
‘exhaust’ with a liquid nitrogen condenser. Connecting this directly to a mass 
spectrometer might be useful, but is not practical in reality.
Further study into the effect of e-beam dose rate on the kinds of structures produced 
would be of interest. This could be achieved relatively easily on an industrial-scale 
e-beam apparatus by running several samples at gradually increasing dose rates and 
analysing the samples produced to identify any differences.
With larger quantities of sample, it would be possible to subject e-beam irradiated 
materials to thermal and mechanical testing, for example, thermogravimetric anaylsis 
coupled with infrared spectrometers, gas chromatographs, or mass spectrometers to 
analyse the decomposition products. Further understanding of the e-beam cure 
mechanisms could be reached with a better understanding of the structures of the
179
materials produced on irradiation. This would also elucidate further some of the 
differences in the e-beam and thermal cure mechanisms.
With a more powerful e-beam, it would be possible to extend the neat resin studies 
discussed in this project to the investigation of composites. The effect of fibre and 
fibre sizing on the e-beam cure of the studied materials could be investigated with a 
view to developing some e-beam curable, high-temperature resistant, polymer matrix 
composites for aerospace applications.
This project has produced some interesting results and has raised some intriguing 
questions. With some of the further work discussed in this section, perhaps the 
possibility of curing some useful, commercially available high-temperature polymers 
with e-beams is a step closer to reality.
180
References
‘ Singh, A., Saunders, C.B., Lopata, V.J., Kremers, W., McDougall, T.E., Tateishi, M, and Chung, M., 
“An emerging technology to cure fibre-reinforced composites: electron curing”. Adv. Perform. Mater., 
1996 ,3 ,57-73
 ^Lopata, V.J., Chung, M., Janke, C.J. and Havens, S.J., “Electron curing o f  epoxy resins: initiator and 
concentration effects on curing dose and rheological properties” 28* International SAMPE Technical 
conference, Seattle, Washington, N ov 4-7, 1996
 ^ Saunders, C.B., Lopata, V J ., Kremers, W., Chung, M,, Singh, A. and Kerluke, D.R., “Electron curing 
o f  fibre-reinforced composites: An industrial application for high energy accelerators”. Radiai. Phys. 
Chem., 1995, 46, 991-994
Singh, A., Saunders, C.B., Barnard, J.W., Lopata, V J ., Kremers, W., McDougall, T.E., Chung, M., 
and Tateishi, M., “Electron processing o f  fibre-reinforced advanced composites”. Radiai. Phys. Chem., 
1996, 48, 153-170
 ^ Beziers, D., Perilleux, P. and Grenie, Y., “Composite structures obtained by ionisation curing”. 
Radiai. Phys. Chem., 1996,48, 171-177
 ^ Singh, A., Saunders, C.B., Lopata, V.J., Kremers, W., McDougall, T.E., Tateishi, M. and Chung, M., 
“An emerging technology to cure fibre-reinforced composites: electron curing”. Adv. Perform. Maier.,
1996,3 , 57-73
’ Guasti, F. and Rosi, E., “Low energy electron beam curing for thick composite production”. Compos. 
Pari A -A ppl. S., 1997, 28, (11), 965-969
 ^ Holland, T.V., Glass, T.E. and McGrath, J.E., “Investigation o f  the thermal curing chemistry o f  the 
phenylethynyl group using a model aryl ether imide”. Polymer, 2000 ,41 , 4965-4990
 ^ Cho, D, and Drzal, L.T., “Characterisation, properties and processing o f  LaRC PETI-5 as a high- 
temperature sizing material. II. Thermal characterisation”, J  Appl. Polym. S et, 2000, 75, 1278-1287
Cho, D. and Drzal, L.T., “Characterisation, properties and processing o f  LaRC PETI-5 as a high- 
temperature sizing material. I. FTIR studies on imidisation and phenylethynyl end-group reaction 
behaviour”, J. Appl. Polym. S et, 2000, 76 ,190-200
181
“Quoth the Raven, ‘^ {evermore.
l ’Ile ^ v e n , T^cfger fi[[an  (Poe
